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Proteins	  in	  red	  correspond	  to	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Cohesin	  is	  a	  protein	  complex	  originally	  identified	  for	  its	  role	  in	  sister	  chromatid	  cohesion.	  
Increasing	  evidence	  portrays	  this	  complex	  as	  a	  major	  organizer	  of	  interphase	  chromatin.	  In	  
vertebrate	   somatic	   cells,	   there	   are	   two	   cohesin	   complexes	   that	   consist	   of	   Smc1,	   Smc3,	  
Rad21	  and	  either	  SA1	  or	  SA2.	  To	  explore	  their	  functional	  specificity	  and	  their	  relevance	  for	  
cancer	  and	  development,	  we	  generated	  a	  mouse	  model	  deficient	  for	  SA1.	  Mouse	  embryos	  
lacking	   SA1	   die	   before	   birth	   and	   show	   developmental	   delay	   and	   features	   reminiscent	   of	  
Cornelia	  de	  Lange	  syndrome	  (CdLS),	  a	  genetic	  disorder	  linked	  to	  cohesin	  dysfunction.	  SA1-­‐
heterozygous	  mice	  have	  shorter	  lifespan	  and	  earlier	  onset	  of	  tumourigenesis.	  SA1-­‐deficient	  
cells	  present	  decreased	  proliferation	  and	  increased	  aneuploidy	  as	  a	  result	  of	  chromosome	  
segregation	  defects.	  These	  defects	  are	  not	  caused	  by	  impaired	  centromere	  cohesion,	  which	  
depends	   on	   cohesin-­‐SA2.	   Instead,	   we	   found	   that	   they	   arise	   from	   defective	   telomere	  
replication,	   which	   requires	   cohesion	   mediated	   specifically	   by	   cohesin-­‐SA1.	   In	   addition,	  
analysis	   of	   cohesin	   genome-­‐wide	   distribution	   reveals	   that	   SA1	   is	   responsible	   for	   the	  
accumulation	   of	   the	   complex	   at	   promoters	   and	   sites	   bound	   by	   the	   chromatin	   insulator	  
CTCF.	   In	   the	   absence	   of	   SA1,	   cohesin-­‐SA2	   redistributes	   away	   from	   those	   sites	   and	  
transcription	  of	  several	  genes	  is	  altered.	  Among	  them	  we	  found	  genes	  involved	  in	  biological	  
processes	   related	   to	  CdLS	  pathogenesis.	   The	  presence	  of	   cohesin-­‐SA1	  at	   gene	  promoters	  
positively	  regulates	  the	  expression	  of	  genes	  such	  as	  Myc	  or	  Protocadherins,	  a	  function	  that	  
cannot	  be	  compensated	  by	  cohesin-­‐SA2.	  Moreover,	  the	  cohesin-­‐binding	  pattern	  along	  gene	  
clusters	   is	   altered	   in	   the	  absence	  of	   SA1	  and	  affects	   the	   transcriptional	   regulation	  of	   the	  
genes	  within.	  
Thus,	  cohesin-­‐SA1	  prevents	  generation	  of	  aneuploidy	  and	  tumourigenesis	  by	  assuring	  an	  
efficient	   telomere	   replication,	   while	   its	   impaired	   function	   in	   gene	   expression	   regulation	  


























El	   complejo	   cohesina	   se	   identificó	   inicialmente	   por	   su	   papel	   en	   cohesión,	   pero	  
evidencias	   más	   recientes	   lo	   describen	   como	   organizador	   de	   la	   cromatina	   interfásica.	   En	  
células	  somáticas	  de	  vertebrados	  hay	  dos	  tipos	  de	  complejos	  compuestos	  por	  Smc1,	  Smc3,	  
Rad21	  y	  bien	  SA1	  o	  SA2.	  Para	  estudiar	  su	  especificidad	  funcional	  y	  relevancia	  en	  cáncer	  y	  
desarrollo	   embrionario,	   generamos	   un	  modelo	  murino	   deficiente	   en	   SA1.	   Los	   embriones	  
deficientes	  en	  SA1	  no	   son	  viables,	   presentan	  un	   retraso	  en	  el	   desarrollo	   y	   características	  
propias	  del	  síndrome	  de	  Cornelia	  de	  Lange	  (CdLS),	  asociado	  a	  una	  disfunción	  en	  cohesina.	  
Los	   ratones	   SA1	   heterocigotos	   presentan	   reducción	   en	   la	   esperanza	   de	   vida	   y	   aparición	  
temprana	   de	   tumores	   espontáneos.	   Las	   células	   deficientes	   en	   SA1	  muestran	   una	  menor	  
capacidad	   proliferativa	   y	   mayor	   aneuploidía,	   como	   resultado	   de	   los	   defectos	   en	  
segregación	  cromosómica.	  Estos	  últimos	  no	  se	  deben	  a	  defectos	  en	  cohesión	  centromérica,	  
mediada	   por	   SA2,	   sino	   que	   tienen	   su	   origen	   en	   una	   replicación	   telomérica	   deficiente,	   al	  
faltar	  la	  cohesión	  mediada	  específicamente	  por	  SA1	  en	  esta	  región.	  Además,	  el	  análisis	  de	  
la	  distribución	  genómica	  de	  cohesina	  revela	  que	  SA1	  es	  responsable	  de	  la	  acumulación	  del	  
complejo	  en	  promotores	  y	  sitios	  de	  unión	  del	  factor	  insulator	  CTCF.	  En	  ausencia	  de	  SA1,	  la	  
cohesina-­‐SA2	  se	  desplaza	  a	  otras	  localizaciones	  y	  se	  altera	  la	  transcripción	  de	  varios	  genes.	  
Entre	   ellos	   se	   encuentran	   genes	   implicados	   en	   procesos	   biológicos	   relacionados	   con	   la	  
patogénesis	  de	  CdLS.	  La	  presencia	  de	  SA1	  en	  promotores	  regula	  positivamente	  la	  expresión	  
de	   genes	   como	  Myc	   y	   Protocaderinas,	   función	   que	   no	   puede	   ser	   compensada	   por	   SA2.	  
Además,	  las	  posiciones	  de	  cohesina	  en	  clústeres	  génicos	  se	  alteran	  en	  ausencia	  de	  SA1,	  lo	  
cual	  afecta	  a	  su	  regulación	  transcripcional.	  
La	   cohesina-­‐SA1	   previene	   la	   generación	   de	   aneuploidía	   y	   tumores	   al	   garantizar	   una	  
replicación	   telomérica	   eficiente.	  Asimismo,	   es	   probable	  que	   su	  papel	   en	   regulación	  de	   la	  





	  	   	  
	  
“Ignorance	  affirms	  or	  denies	  	  
wholeheartedly.	  Science	  doubts”.	  




















Cohesin	  is	  a	  protein	  complex	  originally	  identified	  for	  its	  role	  in	  sister	  chromatid	  cohesion	  
(Guacci	  et	  al.	  1997;	  Michaelis	  et	  al.	  1997;	  Losada	  et	  al.	  1998),	  although	  it	  has	  been	  recently	  
portrayed	   also	   as	   a	   major	   organizer	   of	   interphase	   chromatin.	   Its	   cohesive	   function	   is	  
essential	   for	  accurate	   chromosome	  segregation	  and	   for	  homologous	   recombination	   (HR)-­‐
mediated	   repair	   in	   G2	   (Nasmyth	   and	   Haering	   2009).	   Cohesin	   acting	   as	   chromatin	   loop	  
organizer	  was	  reported	  to	  contribute	  to	  gene	  expression	  regulation	  of	  certain	  loci	  (Hadjur	  
et	  al.	  2009;	  Mishiro	  et	  al.	  2009;	  Nativio	  et	  al.	  2009;	  Kagey	  et	  al.	  2010;	  Seitan	  et	  al.	  2011),	  
spatial	   organization	   of	   DNA	   replication	   factories	   (Guillou	   et	   al.	   2010)	   and	   recombination	  
(Degner	  et	  al.	  2009;	  Seitan	  et	  al.	  2011).	  Despite	  being	  discovered	  years	  ago,	  many	  aspects	  
of	  cohesin	  complex	   functions	  remain	  poorly	  understood.	   In	  particular,	   the	  specific	   role	  of	  
different	   cohesin	   complexes	   present	   in	   somatic	   cells,	   that	   contain	   either	   SA1	   or	   SA2	  
subunit,	  was	  unknown	  until	  recently.	  
	  
Cohesin	  complex:	  composition,	  architecture	  and	  mode	  of	  action	  
	  
Cohesin	   is	  one	  of	  the	  three	  SMC	  (Structural	  Maintenance	  of	  Chromosomes)	  complexes	  
present	   in	   eukaryotes,	   the	   other	   two	   being	   condensin	   and	   the	   Smc5/6	   complex.	   It	   is	  
composed	   of	   Smc1	   and	   Smc3,	   the	   kleisin	   subunit	   Rad21/Scc1	   and	   the	   SA/Scc3	   subunit	  












SMC	  proteins	  are	  long	  polypeptides	  that	  fold	  back	  on	  themselves	  by	  anti-­‐parallel	  coiled-­‐
coil	  interactions	  forming	  a	  heterodimer	  molecule	  with	  a	  “hinge”	  domain	  at	  one	  end	  and	  a	  
globular	   ATPase	   “head”	   at	   the	   other.	   The	   hinge	   domains	   of	   Smc1	   and	   Smc3	   are	   tightly	  
bound,	   whereas	   the	   ATPase	   heads	   are	   connected	   by	   Rad21	   forming	   a	   ring-­‐shaped	  
molecule.	   Rad21	   is	   additionally	   connected	  with	   a	   fourth	   subunit,	   SA,	  which	   exists	   in	   two	  
different	  versions	  in	  somatic	  vertebrate	  cells	  named	  stromal	  antigen	  1	  and	  2	  (SA1	  and	  SA2).	  
These	   two	   SA	  proteins	  never	   coexist	   in	   the	   same	   complex.	   Thus,	   there	   are	   two	  different	  
versions	  of	  cohesin	  that	  contain	  either	  one	  or	  the	  other	  and	  that	  we	  refer	  to	  as	  cohesin-­‐SA1	  
and	  cohesin-­‐SA2.	  
SA	   proteins	   are	   around	   1250	   amino	   acid	   long	   and	   present	  more	   than	   95%	   homology	  
along	  their	  central	  region,	  which	  contains	  a-­‐rod	  repeats	  (Palidwor	  et	  al.	  2009).	  The	  N-­‐	  and	  
C-­‐terminal	  regions	  are	  more	  divergent	  (Figure	  2).	  Cohesin-­‐SA2	  is	  3-­‐10	  times	  more	  abundant	  
than	   cohesin-­‐SA1	   in	   human	   and	   Xenopus	   somatic	   cells,	   while	   Xenopus	   eggs	   contain	   10	  
times	  more	   cohesin-­‐SA1	   than	   cohesin-­‐SA2	   (Losada	  et	   al.	   2000;	  Holzmann	  et	   al.	   2011).	   In	  
addition,	  immunofluorescent	  staining	  indicates	  that	  both	  SA	  proteins	  distribute	  throughout	  
interphase	   chromatin	   in	   an	   indistinguishable	   manner	   and	   present	   similar	   regulation	  
throughout	  the	  cell	  cycle	  (Losada	  et	  al.	  2000;	  Sumara	  et	  al.	  2000).	  	  
Schematic	   representation	   of	   the	   cohesin	   complex	  
and	   its	   regulatory	   factors.	   Cohesin	   subunits	   Smc1,	  
Smc3,	  Rad21	  and	   either	   SA1	  or	  SA2	   are	   depicted	   in	  
orange,	   while	   the	   blue	   figures	   represent	   the	  
regulatory	   factors	   Pds5,	   Wapl	   and	   Sororin,	   that	  








Based	  on	   the	  high	  degree	  of	  homology	  between	   the	   two	  SA	  proteins	  and	   their	   similar	  
behavior	   in	   terms	   of	   chromatin	   association	   during	   the	   cell	   cycle,	   it	   has	   been	   largely	  
assumed	   that	   SA1	  and	   SA2	  have	   redundant	   functions,	   or	   even	   that	   SA2	   is	  more	   relevant	  
because	   it	   is	  more	  abundant.	  However,	   SA1	  or	   SA2	  downregulation	   in	  HeLa	   cells	  by	  RNA	  
interference	   has	   suggested	   that	   cohesin-­‐SA2	   is	   specifically	   required	   for	   centromeric	  
cohesion	  whereas	  cohesin-­‐SA1	  is	  responsible	  for	  arm	  and	  telomere	  cohesion	  (Canudas	  and	  
Smith	  2009).	   Intriguingly,	   downregulation	  of	   a	   telomere	  protein	  named	  TIN2,	  part	  of	   the	  
shelterin	  complex,	  produced	  similar	  defects	   in	  both	  telomere	  and	  arm	  cohesion.	  To	  us,	   it	  
was	  not	  clear	  why	  a	  telomere	  protein	  would	  have	  the	  ability	  to	  regulate	  arm	  cohesion.	  	  
	  
On	  other	  hand,	  cohesin	  behavior	  is	  modulated	  by	  close	  interaction	  with	  other	  regulatory	  
factors:	   Pds5,	   Wapl	   and	   Sororin,	   which	   associate	   with	   chromatin	   through	   the	   cohesin	  
complex	  (Figure	  1).	  Pds5	  and	  Wapl	  work	  together	  to	  modulate	  the	  association	  of	  cohesin	  
with	  chromatin.	  They	   interact	  with	  each	  other	  and	  their	  binding	  to	  Rad21	   is	  promoted	  or	  
Representation	   of	   SA	   proteins	   domains	   and	   their	   regions	   of	   maximal	   divergence.	   The	  
percentages	   refer	   to	   the	   degree	   of	   homology	   between	   both	   proteins	   in	   each	   of	   the	   depicted	  
regions	  (N-­‐terminus,	  central	  alpha-­‐rod	  and	  C-­‐terminus	  domains),	  whose	  length	  is	  indicated	  by	  the	  





stabilized	  by	  the	  SA	  subunit.	  Vertebrate	  cells	  have	  two	  Pds5	  proteins,	  Pds5A	  and	  Pds5B,	  and	  
both	  bind	  Wapl	  as	  well	  as	  cohesin-­‐SA1	  and	  cohesin-­‐SA2	  (Kueng	  et	  al.	  2006;	  Losada	  2005;	  
Gandhi	  et	  al.	  2006),	  but	  they	  are	  never	  together	  in	  the	  same	  complex.	  The	  third	  regulatory	  
factor,	   Sororin,	   is	   essential	   for	   cohesion	   establishment	   and	   maintenance	   (Schmitz	   et	   al.	  
2007).	  One	  of	  the	  major	  roles	  of	  Sororin	  is	  to	  antagonize	  Wapl	  to	  maintain	  sister	  chromatid	  
cohesion	  (Nishiyama	  et	  al.	  2010).	  	  
	  
Given	   the	   ring	   shape	   of	   the	   complex,	   cohesin	   is	   able	   to	   embrace	   the	   DNA	   fiber	   and,	  
therefore,	   it	   acts	   as	   topological	   linker.	   There	   are	   different	  models	   for	   the	  mechanism	  by	  
which	  cohesin	  mediates	  sister	  chromatid	  cohesion	  (Figure	  3).	  The	  embrace	  model	  proposes	  
that	  a	  single	  complex	  entraps	  both	  sister	  chromatids	  (Haering	  et	  al.	  2008).	  The	  less	  popular	  
handcuff	  model	   postulates	   that	   cohesion	  would	   be	   performed	   by	   the	   association	   of	   two	  
cohesin	   complexes	  entrapping	  a	   single	   chromatid	  each,	  maybe	   through	   their	   SA	   subunits	  
(Zhang	  et	  al.	  2008b)	  or	  by	  additional	  factors.	  	  
 
 
Two	  models	  to	  explain	  how	  cohesin	  establishes	  sister	  chromatid	  cohesion:	  the	  embrace	  model	  
(left)	  and	  the	  handcuff	  model	  (right).	  For	  simplicity,	  cohesin	  is	  represented	  as	  an	  orange	  ring	  that	  
entraps	   the	   sister	   chromatids.	   In	   the	   handcuff	   model,	   a	   single	   SA	   subunit	   interacts	   with	   two	  






Cohesin	  regulation	  through	  the	  cell	  cycle	  
 
The	   association	   of	   cohesin	   with	   chromatin	   is	   tightly	   regulated	   through	   the	   cell	   cycle	  
(Figure	  4).	   In	   vertebrate	   cells,	   cohesin	   is	   loaded	  onto	   chromatin	   in	   early	  G1.	   This	   loading	  
depends	  on	  the	  heterodimer	  complex	   formed	  by	  Nipbl/Scc2	  and	  Scc4	   (Seitan	  et	  al.	  2006;	  
Watrin	  et	  al.	  2006).	  It	  is	  not	  known	  how	  Nipbl	  is	  recruited	  to	  chromatin	  for	  cohesin	  loading	  
or	  how	  the	  loading	  sites	  are	  specified.	  Some	  evidences	  point	  out	  that	  Nipbl-­‐Scc4	  promote	  
cohesin	   entrapment	   of	   the	   DNA	   fiber	   by	   favoring	   the	   ATP	   hydrolysis	   by	   the	   SMC	   heads,	  
which	  might	   require	   dissociation	  of	   the	   Smc1/3	  hinge	  domains	   (Milutinovich	   et	   al.	   2007;	  
Gruber	   et	   al.	   2006).	   How	   ATP	   hydrolysis	   at	   the	   SMC	   heads	   drives	   hinge	   opening	   is	   not	  
understood	  but	  likely	  involves	  the	  Scc3/SA	  subunit	  (Hu	  et	  al.	  2011;	  Kurze	  et	  al.	  2011).	  
	  
The	  establishment	  of	  cohesion	  in	  S	  phase	  requires	  the	  acetylation	  of	  the	  Smc3	  subunit	  
by	  cohesin	  acetyltransferases	  (CoATs,	  e.g.	  Eco1,	  Esco1/2),	  that	  acetylate	  two	  lysine	  residues	  
located	  in	  the	  Smc3	  head	  domain	  (Unal	  et	  al.	  2008;	  Rolef	  Ben-­‐Shahar	  et	  al.	  2008;	  Zhang	  et	  
al.	   2008a).	   This	   modification	   counteracts	   the	   anti-­‐establishment	   function	   of	   Wapl-­‐Pds5	  
(that	  prevents	  cohesin	  to	  become	  cohesive)	  most	  likely	  by	  destabilizing	  cohesin	  binding	  to	  
Wapl-­‐Pds5	   and,	   thereby,	   switching	   the	   conformation	   to	   allow	   cohesion	   establishment	  
(Terret	   et	   al.	   2009).	   In	   yeast,	   Smc3	   acetylation	   by	   Eco1	   prevents	   the	   dissociation	   of	   the	  
Smc3/a-­‐kleisin	  interface,	  recently	  reported	  to	  be	  the	  “cohesin’s	  DNA	  exit	  gate”	  (Chan	  et	  al.	  
2012).	  In	  vertebrates,	  Smc3	  acetylation	  is	  not	  sufficient	  for	  cohesion	  establishment,	  maybe	  
because	   Wapl-­‐Pds5	   antiestablishment	   is	   stronger.	   Acetylation-­‐dependent	   binding	   of	  
Sororin	   is	   essential	   to	   stabilize	   a	   fraction	   of	   cohesin	   after	   DNA	   replication,	   antagonizing	  
Wapl	   to	  maintain	   sister	   chromatid	   cohesion:	   Pds5	   provides	   a	   binding	   surface	   to	   Sororin,	  




al.	  2010).	  Importantly,	  all	  cohesin	  subunits	  are	  sumoylated	  during	  S	  phase	  in	  budding	  yeast	  
and	   non-­‐sumoylated	   cohesin	   complexes	   can	   be	   acetylated	   but	   are	   not	   cohesive	  
(Almedawar	   et	   al.	   2012).	   How	   sumoylation	   cooperates	   with	   acetylation	   and	   the	  
conservation	  of	  this	  modification	  in	  other	  eukaryotes	  has	  not	  been	  reported	  yet.	  
	  
 
Cohesion	  is	  maintained	  during	  G2,	  when	  cohesin	  plays	  a	  role	  in	  promoting	  DNA	  repair	  by	  
homologous	   recombination	   (Sjögren	   and	   Nasmyth	   2001).	   In	   yeast,	   cohesin	   is	   loaded	   de	  
novo	   by	   Scc2-­‐Scc4	   in	   a	   large	   region	   surrounding	   a	   double	   strand	   break	   (DSB)	   and	   also	  





genome-­‐wide.	  Moreover,	  cohesion	  is	  established	  upon	  DNA	  damage	  in	  G2	  cells	  in	  an	  Eco1	  
dependent	  manner,	  although	  in	  this	  case	  Scc1	  is	  acetylated	  (Sjögren	  and	  Ström	  2010).	  Scc1	  
is	   also	   sumoylated	  by	  Mms21/Nse2,	   a	   subunit	   of	   the	   Smc5/6	   complex	   (McAleenan	   et	   al.	  
2012).	   Thus,	   the	   global	   reinforcement	   of	   cohesion	   upon	   occurrence	   of	   a	   DSB	   may	   help	  
prevent	   promiscuous	   pairing	   of	   the	   free	   end,	   in	   particular	   between	   homologous	  
chromosomes	   in	   diploid	   cells	   (Covo	   et	   al.	   2010).	   In	   addition,	   interaction	   between	  BRCA2	  
and	   cohesin	   through	   Pds5	   is	   important	   for	   effective	   homologous	   recombination	   (HR)-­‐
mediated	  DNA	  repair	  and	  normal	   response	   to	  DNA	  damage	   in	  human	  cells	   (Brough	  et	  al.	  
2012).	  These	  observations	  support	  the	  relevance	  of	  cohesin	  in	  promoting	  faithful	  repair	  in	  
higher	   eukaryotes,	   as	   in	   yeast	   (Heidinger-­‐Pauli	   et	   al.	   2010).	   Cohesin	   also	   facilitates	   the	  
recruitment	   of	   proteins	   involved	   in	   the	   activation	   of	   the	   intra-­‐S	   and	   G2/M	   checkpoints	  
(Watrin	  and	  Peters	  2009).	  
	  
Sister	  chromatid	  cohesion	  is	  maintained	  until	  mitosis,	  when	  it	  must	  be	  resolved	  to	  allow	  
the	  separation	  of	  the	  genetic	  material	  into	  the	  two	  daughter	  cells	  (Figure	  4).	  In	  metazoan,	  
the	  complex	  dissociates	  from	  chromatin	  in	  two	  steps	  in	  prophase	  and	  anaphase.	  More	  than	  
90%	   of	   cohesin	   is	   released	   in	   the	   prophase	   pathway	   upon	   phosphorylation	   of	   the	   SA	  
subunit	  by	  Polo	  and	  the	  action	  of	  Pds5-­‐Wapl	  (Shintomi	  and	  Hirano	  2010),	  which	  is	  favored	  
by	  the	  removal	  of	  Sororin	  after	  Cdk1	  phosphorylation	  (Nishiyama	  et	  al.	  2010;	  Dreier	  et	  al.	  
2011).	  The	  remaining	  cohesin,	  enriched	  at	  pericentromeric	   regions,	   is	  protected	   from	  the	  
prophase	   pathway	   by	   Shugoshin	   1	   (Sgo1)	   and	   the	   protein	   phosphatase	   PP2A	   by	  
counteracting	  SA	  phosphorylation	  (Gutiérrez-­‐Caballero	  et	  al.	  2012).	  This	  cohesin	  population	  
ensures	  chromatid	  cohesion	  until	   all	   chromosomes	  achieve	  biorientation.	  At	   the	  onset	  of	  
anaphase,	   activation	  of	   the	  APC/C	   targets	   securin	   and	   cyclin	   B	   for	   degradation,	   initiating	  
mitotic	   exit.	   At	   this	   step,	   complete	   dissolution	   of	   cohesion	   requires	   separase-­‐mediated	  




2010;	  Shamu	  and	  Murray	  1992;	  Wang	  et	  al.	  2008).	  In	  order	  to	  be	  reused	  in	  the	  next	  cycle,	  
all	  cohesin	  molecules	  must	  be	  deacetylated	  by	  cohesin	  deacetylases	  (CoDACs)	  Hos1	  in	  yeast	  
(Borges	   et	   al.	   2010;	   Beckouët	   et	   al.	   2010)	   and	   HDAC8	   in	   human	   cells	   (Deardorff	   et	   al.	  
2012a).	  	  
	  
Cohesin	  as	  an	  organizer	  of	  the	  interphase	  chromatin	  
	  
Cohesin	   is	   loaded	  on	  chromatin	   long	  before	  cohesion	   is	  established	   in	  vertebrate	  cells	  
and	  in	  high	  excess	  in	  relation	  to	  what	  is	  needed	  to	  maintain	  cohesion	  in	  mitosis.	  Moreover,	  
cohesin	   is	  present	   in	  non-­‐proliferating	  cells	   (Wendt	  et	  al.	  2008)	  and	   inside	  transcriptional	  
units	  in	  different	  organisms	  (Wendt	  et	  al.	  2008;	  Parelho	  et	  al.	  2008;	  Misulovin	  et	  al.	  2008).	  
Together	  with	   previous	   results	   in	   Drosophila,	   these	   data	   pointed	   to	   a	   role	   of	   cohesin	   in	  
regulation	   of	   gene	   expression	   (Dorsett	   2011).	   With	   the	   finding	   of	   mutations	   in	   the	  
components	  of	  cohesin	  pathway	  as	  the	  cause	  of	  Cornelia	  de	  Lange	  Syndrome	  (see	  section	  
below),	   the	   role	   of	   the	   complex	   in	   transcriptional	   regulation	   emerged	   as	   a	   hypothetical	  
mechanism	  underlying	  the	  human	  syndrome.	  	  
	  
A	  key	  discovery	  supporting	  a	  role	  of	  cohesin	  in	  transcription	  was	  the	  finding	  that	  many	  
cohesin-­‐binding	   sites,	   identified	   by	   Chromatin	   Immunoprecipitation	   (ChIP)	   techniques	   in	  
mouse	   and	   human	   cells,	   colocalize	   with	   sites	   also	   bound	   by	   the	   insulator	   CTCF,	   thus	  
mediating	   transcriptional	   insulation	   (Wendt	   et	   al.	   2008;	   Parelho	   et	   al.	   2008;	   Rubio	   et	   al.	  
2008)	   (Figure	  5,	   left).	  However,	  many	  aspects	  of	   cohesin	   function	   in	   transcription	   remain	  
unclear,	   and	   it	   seems	   that	   the	   transcriptional	   machinery	   deals	   with	   cohesin	   bound	   to	  










In	   yeast,	   a	   negative	   association	   between	   transcription	   and	   cohesin	   binding	   has	   been	  
shown,	   since	   cohesin	   localizes	   almost	   exclusively	   between	   genes	   that	   are	   transcribed	   in	  
opposing	  directions	  (Lengronne	  et	  al.	  2004;	  Glynn	  et	  al.	  2004).	  Cohesin	   is	   loaded	  by	  Scc2-­‐
Scc4	  at	  certain	  sites	   from	  where	   it	   seems	  to	  slide	  towards	   its	  permanent	  positions,	  being	  
excluded	   from	  actively	   transcribed	  genes	  and	  accumulated	  between	  genes	  of	   convergent	  
transcription.	  In	  S.	  pombe,	  cohesin	  is	  not	  only	  accumulated	  between	  convergent	  genes,	  but	  
it	  also	  acts	  as	  a	  terminator	  of	  transcription	  (Gullerova	  and	  Proudfoot	  2008).	  In	  contrast,	  in	  
Drosophila	   cohesin	  binds	  preferentially	   to	   active	   genes	  where	   it	   colocalizes	  with	  Nipped-­‐
B/Scc2	   and	   RNA	   polymerase	   II	   (Misulovin	   et	   al.	   2008),	   and	   it	   is	   absent	   from	   repressive	  
regions	  characterized	  by	  binding	  of	  Polycomb	  proteins	  and	  H3K27me3	  (Schaaf	  et	  al.	  2009).	  
In	  Drosophila	   salivary	   glands	   cohesin	   directly	   regulates	   the	   expression	   of	   a	   set	   of	   genes,	  
including	   the	   ones	   that	  mediate	   the	   response	   to	   ecdysone,	   by	   direct	   binding	   to	  most	   of	  
Schematic	   representation	   of	   some	  mechanisms	   by	  which	   cohesin	   performs	   gene	   expression	  
regulation.	   (Left)	   Cohesin	   mediates	   transcriptional	   insulation	   by	   colocalization	   with	   CTCF	   at	  
certain	   genomic	   positions.	   (Right)	   Cohesin	   and	   mediator	   determine	   promoter-­‐enhancer	  
interactions.	  	  
Figure	  5	  




these	   loci	   (Pauli	   et	   al.	   2010).	   Cohesin	   also	   binds	   and	   regulates	   genes	   with	   paused	   RNA	  
polymerase,	   and	   most	   likely	   hinders	   transition	   to	   transcriptional	   elongation	   (Fay	   et	   al.	  
2011).	  
As	  mentioned	  earlier,	  cohesin	  largely	  colocalizes	  with	  the	  transcriptional	  insulator	  CTCF	  
in	   human	   and	   mouse	   cells	   and	   mediates	   transcriptional	   insulation	   (Wendt	   et	   al.	   2008;	  
Parelho	   et	   al.	   2008;	   Rubio	   et	   al.	   2008).	   Chromosome	   conformation	   capture	   (3C)	   studies	  
suggest	  that	  cohesin	  performs	  these	  transcriptional	  functions	  by	  promoting	  the	  formation	  
of	   chromatin	   loops	   in	   collaboration	  with	   factors	   such	   as	   CTCF	   (Figure	   5,	   left).	   Given	   the	  
binding	  of	  cohesin	  to	  chromatin	  by	  topologically	  embracing	  the	  DNA	  fiber,	  it	  is	  unlikely	  that	  
cohesin	  has	  affinity	  for	  a	  particular	  DNA	  sequence.	  Cohesin	  might	  recognize	  the	  structure	  of	  
a	   loop	   itself,	   or	   instead,	   it	   might	   directly	   interact	   with	   CTCF	   (Stedman	   et	   al.	   2008).	   By	  
embracing	   the	   chromatin	   fiber	   in	   cis	   at	   the	   base	   of	   such	   loops,	   cohesin	   would	   stabilize	  
them.	  	  
There	   are	   several	   evidences	   suggesting	   that	   cohesin	   forms	   the	   topological	   and	  
mechanistic	  basis	  for	  long-­‐range	  chromosomal	  interactions	  in	  cis.	  Such	  are	  the	  cases	  of	  the	  
developmentally	   regulated	   locus	   IFNG	   in	  a	   cell-­‐type	   specific	  manner	   (Hadjur	  et	   al.	   2009);	  
the	  human	  apolipoprotein	  gene	  region,	  whose	  alterations	  increase	  the	  risk	  of	  dyslipidemia	  
and	  atherosclerosis	  (Mishiro	  et	  al.	  2009);	  the	  imprinted	  IGF2-­‐H19	  locus	  (Nativio	  et	  al.	  2009)	  
or	   the	  beta-­‐globin	   locus	   (Chien	  et	  al.	  2011)	  and	  the	  surrounding	  olfactory	  receptor	  genes	  
(Hou	  et	  al.	  2010).	  Cohesin	  also	  colocalizes	  with	  transcriptional	  regulators	  other	  than	  CTCF,	  
such	  as	  the	  estrogen	  receptor-­‐alpha	  (ER)	  in	  breast	  cancer	  cells,	  although	  a	  direct	  interaction	  
between	   them	   has	   not	   been	   demonstrated	   (Schmidt	   et	   al.	   2010).	   In	   murine	   embryonic	  
stem	   cells,	   cohesin	   and	   the	   transcriptional	   coactivator	   Mediator	   facilitate	   DNA	   looping	  
between	   the	   enhancers	   and	   promoters	   of	   some	   critical	   genes	   required	   to	   maintain	  





Cohesin	  also	  contributes	  to	  processes	  other	  than	  transcription	  in	  the	  interphase	  nucleus.	  
Upon	   DSB	   induction,	   cohesin	   restricts	   gH2AX	   accumulation	   at	   neighboring	   genes	   to	  
preserve	  their	  activity	   (Caron	  et	  al.	  2012).	  Cohesin	   interacts	  with	  components	  of	   the	  pre-­‐
Replication	   Complex	   and	   participates	   in	   the	   spatial	   organization	   of	   DNA	   replication	  
factories	  in	  human	  cells	  by	  organizing	  them	  in	  chromatin	  loops	  (Guillou	  et	  al.	  2010)	  (Figure	  
6).	   Moreover,	   cohesin	   and	   CTCF	   are	   recruited	   to	   the	   immunoglobulin	   loci	   during	   B	  
lymphocyte	   development	   (Degner	   et	   al.	   2009)	   and	   participate	   in	   V(D)J	   recombination	   by	  
influencing	  the	  architecture	  of	   the	   Igh	   locus	  and	  the	  antisense	  transcription	   in	  pro-­‐B	  cells	  
(Degner	  et	  al.	  2011).	  Deletion	  of	  Rad21	  in	  a	  population	  of	  non-­‐dividing	  mouse	  thymocytes	  
showed	  that	  cohesin	  plays	  a	  role	  in	  T-­‐cell-­‐receptor	  a	  locus	  rearrangement,	  as	  well	  as	  in	  its	  
transcription,	   by	   promoting	   long-­‐range	   interactions	   within	   this	   megabase-­‐sized	   locus	  





Model	   for	   the	   architectural	   role	   of	   cohesin	   at	   DNA	   replication	   factories.	   Replication	   origins	  
(orange	  dots)	  within	  a	  DNA	  region	  are	  grouped	  in	  rosette-­‐like	  structures	  by	  the	  action	  of	  cohesin.	  
	  
Figure	  6	  
















Cohesin	  and	  human	  disease:	  from	  cohesinopathies	  to	  cancer	  
	  
The	  term	  cohesinopathies	  was	  coined	  to	  describe	  syndromes	  associated	  with	  the	  effect	  
of	  mutations	  in	  the	  regulators	  and	  structural	  components	  of	  the	  cohesin	  complex.	  To	  date,	  
the	  two	  major	  cohesinopathies	  studied	  are	  Cornelia	  de	  Lange	  Syndrome	  (CdLS)	  and	  Roberts	  
syndrome	   (RBS)/SC	   Phocomelia	   (Tonkin	   et	   al.	   2004;	   Krantz	   et	   al.	   2004;	   Vega	   et	   al.	   2005;	  
Musio	  et	  al.	  2006).	  CdLS	  is	  caused	  by	  heterozygous	  mutations	  in	  the	  cohesin	  loader	  Nipbl	  in	  
approximately	   half	   of	   the	   cases	   (Krantz	   et	   al.	   2004)	   and,	   in	   a	   reduced	   frequency,	   in	   the	  
cohesin	  subunits	  Smc1,	  Smc3,	  Rad21	  and	  the	  CoDAC	  HDAC8	  (Musio	  et	  al.	  2006;	  Deardorff	  
et	   al.	   2007;	   2012b;	   2012a).	   Roberts	   syndrome	   and	   SC	   Phocomelia	   have	   been	   linked	   to	  
homozygous	  mutations	  in	  Esco2	  (Vega	  et	  al.	  2005;	  Schüle	  et	  al.	  2005).	  	  
CdLS	   is	  a	  dominantly	   inherited	  disorder	  that	  affects	  1	   in	  10,000-­‐30,000	   live	  births.	  This	  
syndrome	   is	   characterized	   by	   mental	   retardation,	   reduced	   body	   size,	   dysmorphic	   face,	  







Representative	   images	   of	   CdLS	   patients	   showing	   features	   of	   the	   syndrome	   such	   as	   (a)	  
characteristic	   facial	   features	   and	   upper	   limb	   abnormalities	   including	   (b)	   oligodactyly	   or	   (c)	  





Cells	   from	   CdLS	   patients	   do	   not	   show	   overt	   cohesion	   defects	   but	   instead,	  microarray	  
data	  reveals	  altered	  transcriptional	  profiles	  (Castronovo	  et	  al.	  2009;	  Liu	  et	  al.	  2009).	  Altered	  
transcription	   is	   also	   recapitulated	   in	   Nipbl-­‐deficient	   mouse	   and	   zebrafish	   models	   of	   the	  
syndrome	   (Kawauchi	   et	   al.	   2009;	  Muto	   et	   al.	   2011).	   In	   contrast,	   RBS	   is	   a	   rare	   autosomal	  
recessive	   disorder,	   characterized	   also	   by	   mental	   retardation	   and	   growth	   deficiency,	   but	  
involving	   loss	   of	   cohesion.	   This	   is	   consistent	   with	   this	   syndrome	   being	   associated	   to	  
mutations	   in	   the	  acetyltransferase	   that	  promotes	   cohesion	  establishment	  and,	   therefore,	  
cells	  derived	  from	  either	  patients	  or	  zebrafish	  model	  do	  present	  cohesion	  defects	  (Vega	  et	  
al.	  2005;	  Mönnich	  et	  al.	  2011).	  	  
	  
On	   other	   hand,	   and	   given	   the	   essential	   role	   of	   cohesin	   for	   accurate	   chromosome	  
segregation,	   it	   was	   reasonable	   to	   hypothesize	   that	   cohesion	   defects	   might	   generate	  
aneuploidy.	  These	  aberrations	  in	  chromosome	  number	  are	  a	  feature	  commonly	  observed	  in	  
cells	   from	   different	   malignant	   tumors	   and	   have	   been	   proposed	   to	   contribute	   to	  
tumourigenesis.	   However,	   until	   recently,	   little	  was	   known	   of	   the	   involvement	   of	   cohesin	  
mutations	   in	   human	   cancer	   (Xu	   et	   al.	   2011).	  Mutations	   in	   cohesion	   factors	  were	   initially	  
identified	   in	   human	   colorectal	   cancer	   (Barber	   et	   al.	   2008).	   More	   recently,	   inactivating	  
mutations	  in	  SA2	  have	  been	  described	  in	  a	  diverse	  range	  of	  human	  tumor	  types	  (Solomon	  
et	   al.	   2011).	   This	   report	   suggests	   that	   lack	   of	   SA2	   function	   leads	   to	   aneuploidy	   due	   to	  
precocious	   dissociation	   of	   sister	   chromatids	   in	   metaphase,	   in	   agreement	   with	   previous	  
reports	   pointing	   to	   the	   role	   of	   SA2	   in	   centromeric	   cohesion	   (Canudas	   and	   Smith	   2009).	  
Cohesin	  mutations	  were	  also	  recently	  found	  in	  acute	  myeloid	  leukemia	  patients	  (Welch	  et	  
al.	  2012).	  However,	  many	  questions	  remain	  open	   in	  the	  field	   (Xu	  et	  al.	  2011).	  What	  roles	  
cohesin	   plays	   in	   the	   response	   to	   cancer	   therapy/prognosis	   or	   what	   precise	   cohesin-­‐
mediated	   mechanisms	   underlie	   initiation	   and	   progression	   of	   different	   cancer	   types	   are	  





Mouse	  models	  to	  study	  cohesin	  functions	  in	  vivo	  
	  
The	   relevance	   of	   cohesin	   functions	   in	   cell	   proliferation	   and	   differentiation	   has	   been	  
increasing	  rapidly	  (Merkenschlager	  2010;	  Dorsett	  2011).	  Mouse	  models	  are	  powerful	  tools	  
to	   unravel	   these	   different	   functions	   of	   cohesin,	   together	  with	   their	   temporal	   and	   spatial	  
regulation;	  e.g.	  during	  embryo	  development/adult	  age	  and	  in	  different	  tissues,	  respectively.	  
To	  date,	  mice	  deficient	   for	  genes	  encoding	  cohesin	  components	  have	  been	  generated	  for	  
meiosis-­‐specific	   subunits	   (Smc1b,	   Rec8	   and	   Rad21L)	   as	   well	   as	   for	   Rad21.	   The	   cohesin	  
subunit	   Smc1b	  plays	   a	   key	   role	   in	   meiotic	   cohesion,	   DNA	   recombination,	   synapsis	   and	  
chromosome	   movements	   in	   meiosis	   (Revenkova	   et	   al.	   2004).	   Smc1b-­‐deficient	   mice	  
(Revenkova	  et	  al.	  2004)	  as	  well	  as	  Rec8-­‐null	  mice	  (Xu	  et	  al.	  2005)	  of	  both	  sexes	  are	  sterile,	  
although	  because	  of	  different	  anomalies	  in	  meiosis.	  It	  has	  been	  also	  reported	  that	  Rad21L,	  
a	  recently	  identified	  kleisin,	   is	  required	  for	  full	  synapsis	  of	  homologous	  chromosomes	  and	  
its	   absence	   provokes	   male	   sterility	   as	   a	   consequence	   of	   total	   azoospermia,	   whereas	  
females	   are	   fertile	   but	   develop	   infertility	   as	   they	   age	   (Herrán	   et	   al.	   2011).	   Biallelic	  
inactivation	   of	   Rad21	   results	   in	   early	   embryonic	   lethality	   and	   only	   the	   radiosensitivity	   of	  
Rad21	   heterozygous	   animals	   was	   reported	   (Xu	   et	   al.	   2010).	   A	  mouse	   with	   a	   conditional	  
allele	  of	  Rad21	  has	  also	  been	  generated	  and	  employed	  for	  depleting	  cohesin	  specifically	  in	  
non-­‐cycling	   thymocytes	   (Seitan	   et	   al.	   2011).	   Knockout	   mouse	   models	   for	   the	   cohesin	  
regulatory	  factors	  Pds5A	  and	  Pds5B	  die	  soon	  after	  birth	  and	  present	  developmental	  defects	  
similar	   to	   those	   observed	   in	   CdLS	   patients	   (Zhang	   et	   al.	   2007;	   2009).	   The	   effects	   of	   the	  
combined	  deficiency	  of	  both	  genes	  suggest	  that	  Pds5A	  and	  Pds5B	  have	  some	  overlapping	  
functions	   and	   a	   minimum	   dosage	   is	   required	   for	   proper	   development.	   Importantly,	  
heterozygous	   mice	   for	   the	   gene	   encoding	   the	   cohesin	   loader	   Nipbl,	   that	   is	   mutated	   in	  




(Kawauchi	  et	  al.	  2009).	  Complete	  ablation	  of	  Esco2,	  that	  is	  mutated	  in	  RBS	  patients,	  results	  
in	  early	  embryonic	   lethality	   In	  mice	  due	  severe	   impairment	  of	  cohesion	  and	  chromosome	  
segregation	  (Whelan	  et	  al.	  2012).	  
	  
The	  work	  presented	  in	  this	  thesis	  is	  the	  first	  thorough	  characterization	  of	  a	  mouse	  model	  
deficient	   for	   a	   ubiquitously	   expressed	   cohesin	   subunit,	   SA1,	   and	   its	   implications	   for	   such	  
relevant	   human	   diseases	   as	   cancer	   and	   CdLS.	  We	   aimed	   to	   generate	   and	   characterize	   a	  
knockout	  mouse	  model	  for	  cohesin	  subunit	  SA1	  in	  order	  to	  dissect	  the	  functional	  specificity	  
of	  the	  two	  different	  cohesin	  complexes,	  cohesin-­‐SA1	  and	  cohesin-­‐SA2,	  in	  cellular	  processes	  
such	  as	  cohesion,	  chromosome	  segregation	  and	  transcriptional	  regulation.	  We	  also	  wished	  
to	   assess	   the	   effect	   of	   SA1	   ablation	   on	   embryonic	   development	   and	   its	   connection	  with	  
human	   disease,	   in	   particular	   cancer	   and	   CdLS.	   We	   found	   that	   SA1-­‐deficiency	   results	   in	  
delayed	  embryo	  development	  and	  lethality,	  which	  shows	  that	  cohesin-­‐SA1	  and	  cohesin-­‐SA2	  
are	   not	   redundant.	   Defects	   in	   cohesin-­‐SA1	   function	   generate	   aneuploidy	   and	   result	   in	  
increased	  incidence	  of	  tumourigenesis	  due	  to	  impaired	  replication	  of	  telomeres.	  Moreover,	  
we	  demonstrate	  that	  cohesin-­‐SA1	  is	  responsible	  for	  cohesin	  distribution	  and	  accumulation	  
at	  promoters	  and	  CTCF	  sites.	  In	  the	  absence	  of	  SA1,	  cohesin	  becomes	  redistributed,	  which	  
alters	  the	  expression	  of	  genes	  involved	  in	  developmental	  pathways	  relevant	  to	  CdLS.	  
	  	   	  
 
	  	   	  
	  	  	  	  	  
“Imagination	  is	  more	  	  
important	  than	  knowledge”.	  











Aim	  of	  the	  work	  
	  	   	  
	  
	   	  




1.	  Generate	  a	  knockout	  mouse	  model	  for	  the	  cohesin	  subunit	  SA1.	  	  
	  
2.	  Study	  the	  effect	  of	  cohesin-­‐SA1	  deficiency	  during	  embryonic	  development	  and	  in	  human	  
diseases	  such	  as	  cancer	  and	  CdLS.	  	  
	  
3.	   Dissect	   the	   functional	   specificity	   of	   cohesin-­‐SA1	   and	   cohesin-­‐SA2	   in	   terms	   of	   sister	  
chromatid	  cohesion	  and	  chromosome	  segregation.	  	  
	  
4.	  Define	  a	  complete	  map	  of	   the	  genome-­‐wide	  cohesin	  binding	  sites	   for	  cohesin-­‐SA1	  and	  
cohesin-­‐SA2.	  
	  
5.	  Assess	  the	  role	  of	  cohesin-­‐SA1	  and	  cohesin-­‐SA2	  in	  transcriptional	  regulation.	  	  
 	  
	  
	  	   	  
	  
“Science	  is	  	  	  	  
the	  poetry	  of	  reality”.	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The	   work	   presented	   here	   represents	   the	   first	   thorough	   characterization	   of	   a	   mouse	  
model	  deficient	  for	  a	  ubiquitously	  expressed	  cohesin	  subunit,	  SA1.	  We	  have	  generated	  this	  
system,	  which	  ensures	  complete	  absence	  of	  the	  protein,	  to	  gain	  insight	  into	  the	  functional	  
specificity	  of	  SA1	  and	  SA2	  containing	  cohesin	  complexes.	  We	  have	  transcended	  the	  cellular	  
level	   in	   our	   studies	   and	   addressed	   the	   relevance	   of	   SA1	   functions	   in	   embryonic	  
development,	   which	   is	   particularly	   important	   given	   the	   existence	   of	   a	   human	  
developmental	   disorder	   known	   as	   Cornelia	   de	   Lange	   syndrome	   that	   is	   linked	   to	   cohesin	  
dysfunction.	  We	  have	  shown	  that	  SA1	  deficiency	   results	   in	  delayed	  embryo	  development	  
and	  lethality,	  demonstrating	  that	  the	  functions	  of	  both	  SA	  proteins	  are	  not	  redundant.	  For	  
the	   first	   time,	   we	   report	   that	   defects	   in	   cohesin-­‐SA1	   function	   generate	   aneuploidy	   and	  
result	  in	  increased	  incidence	  and	  earlier	  onset	  of	  tumourigenesis.	  Unlike	  cohesin-­‐SA2,	  lack	  
of	   cohesin-­‐SA1	   leads	   to	   aneuploidy	   in	   the	   absence	   of	   precocious	   separation	   of	   sister	  
chromatids	   in	   metaphase.	   Instead,	   chromosome	   segregation	   defects	   are	   caused	   by	  
defective	   telomere	   replication	   in	   the	   absence	   of	   telomere	   cohesion,	   which	   is	   mediated	  
exclusively	  by	  cohesin-­‐SA1.	  Telomeres	  are	  regions	  difficult	  to	  replicate	  and	  forks	  stall	  with	  
high	   frequency.	   Cohesin	   prevents	   collapse	   of	   these	   forks	   and/or	   helps	   their	   restart.	  We	  
speculate	   that	   unreplicated	   telomeres	   prevent	   proper	   chromosome	   segregation	   of	   sister	  
chromatids	  during	  anaphase,	  causing	  lagging	  chromosomes	  and	  chromatin	  bridges	  in	  SA1-­‐
deficient	  cells.	  Thus,	  we	  have	  proposed	  a	  new	  mechanism	  for	  aneuploidy	  generation	  due	  to	  
impaired	  telomere	  replication.	  	  
My	   contribution	   to	   this	   study	   comprises	   the	   design,	   performance,	   analysis	   and	  
interpretation	  of	  all	   the	  experiments.	   I	  also	  participated	   in	   the	  writing	  of	   the	  manuscript,	  
with	  input	  from	  the	  rest	  of	  the	  authors	  and	  under	  the	  supervision	  of	  the	  thesis	  director	  Dr.	  
Ana	  Losada.	  	  
	  	   	  
	  
	  
Cohesin-SA1 deficiency drives aneuploidy and
tumourigenesis in mice due to impaired
replication of telomeres
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Cohesin is a protein complex originally identified for its
role in sister chromatid cohesion, although increasing
evidence portrays it also as a major organizer of interphase
chromatin. Vertebrate cohesin consists of Smc1, Smc3,
Rad21/Scc1 and either stromal antigen 1 (SA1) or SA2. To
explore the functional specificity of these two versions of
cohesin and their relevance for embryonic development
and cancer, we generated a mouse model deficient for SA1.
Complete ablation of SA1 results in embryonic lethality,
while heterozygous animals have shorter lifespan and
earlier onset of tumourigenesis. SA1-null mouse embryo-
nic fibroblasts show decreased proliferation and increased
aneuploidy as a result of chromosome segregation defects.
These defects are not caused by impaired centromeric
cohesion, which depends on cohesin-SA2. Instead, they
arise from defective telomere replication, which requires
cohesion mediated specifically by cohesin-SA1. We propose
a novel mechanism for aneuploidy generation that involves
impaired telomere replication upon loss of cohesin-SA1,
with clear implications in tumourigenesis.
The EMBO Journal (2012) 31, 2076–2089. doi:10.1038/
emboj.2012.11; Published online 13 March 2012
Subject Categories: cell cycle; genome stability & dynamics
Keywords: cancer; chromosome segregation; cohesion;
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Introduction
Cohesin was originally identified as a mediator of sister chro-
matid cohesion (Guacci et al, 1997; Michaelis et al, 1997;
Losada et al, 1998). Its cohesive function is essential for
accurate chromosome segregation and for homologous recom-
bination (HR)-mediated DNA repair in G2 (Nasmyth and
Haering, 2009). More recent evidence suggests that cohesin
acts as a chromatin loop organizer in the interphase nucleus
and thereby contributes to regulate gene expression, at least of
certain loci (Hadjur et al, 2009; Mishiro et al, 2009; Nativio et al,
2009; Kagey et al, 2010; Seitan et al, 2011). It also participates in
the spatial organization of DNA replication factories, which in
turn determines origin activation and thus the efficiency of the
duplication process (Guillou et al, 2010). Cohesin is composed
of a heterodimer of Smc1 and Smc3, the kleisin subunit Rad21
(also known as Scc1/Mcd1) and a protein called Scc3 in yeast
and stromal antigen (SA) in vertebrates, that form a ring-like
structure that embraces the chromatin fibre(s) (Anderson et al,
2002; Haering et al, 2008). Two additional proteins named Pds5
and Wapl interact closely with cohesin to modulate its binding
to chromatin and are sometimes considered cohesin subunits
(Losada et al, 2005; Gandhi et al, 2006; Kueng et al, 2006; Gause
et al, 2010). Another cohesion factor named Sororin associates
with and stabilizes the cohesin rings embracing two sister
chromatids after DNA replication (Lafont et al, 2010;
Nishiyama et al, 2010).
In somatic vertebrate cells, there are two versions of the Scc3/
SA subunit, SA1 and SA2 (Carramolino et al, 1997; Losada et al,
2000; Sumara et al, 2000). They are B1250 amino acid long
proteins with 475% sequence identity along their central core,
which contains two long regions of a-rod repeats (Palidwor et al,
2009). The N-terminal and C-terminal domains are more diver-
gent. Cohesin-SA2 (i.e., cohesin containing the SA2 subunit) is
3–10 times more abundant than cohesin-SA1 in human (HeLa)
and Xenopus somatic cells, whereas Xenopus eggs contain 10
times more cohesin-SA1 than cohesin-SA2 (Losada et al, 2000;
Holzmann et al, 2010). The functional differences between the
two complexes are yet to be clarified. Immunofluorescent
staining indicates that SA1 and SA2 distribute throughout inter-
phase chromatin in an indistinguishable manner (Losada et al,
2000; Sumara et al, 2000). Genome-wide analyses using chro-
matin immunoprecipitation (ChIP) techniques also suggest that
there are no significant differences between the distribution of a
common cohesin subunit like Rad21 and either SA2 (Wendt
et al, 2008) or SA1 (Rubio et al, 2008). Both cohesins are
released in prophase and only a small fraction is left by
metaphase to ensure chromosome alignment (Vagnarelli et al,
2004; Toyoda and Yanagida, 2006). SA1 and SA2 can be detected
at the centromeres of mitotic chromosomes from Xenopus egg
extracts and human cells, respectively (Losada et al, 2000; Hauf
et al, 2005) and Sgo1-PP2A, the protector of centromeric
cohesin, can reverse the phosphorylation of both SA subunits
by Polo, at least in vitro (Rivera and Losada, 2009). However,
downregulation of SA1 or SA2 in HeLa cells by siRNA has led to
suggest that cohesin-SA2 is specifically required for centromeric
cohesion whereas cohesin-SA1 is responsible for arm and
telomere cohesion (Canudas and Smith, 2009).
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To gain insight into the functional specificity of SA1 and
SA2-containing cohesin complexes and their importance for
cell viability, we have generated mouse embryos deficient for
SA1. This approach ensures a complete absence of the protein
and gives us the opportunity to transcend the cellular level in
our studies and address the relevance of SA1 functions in
embryonic development. This is particularly important in view
of the existence of a human developmental disorder affecting 1
in 10 000 newborns, known as Cornelia de Lange syndrome
(CdLS), caused by heterozygous mutations in the gene encod-
ing the cohesin loader Nipbl/Scc2 (Liu and Krantz, 2009).
Moreover, inactivation of SA2 has been very recently proposed
to drive aneuploidy in human cancer (Solomon et al, 2011).
Here, we show that SA1 deficiency results in delayed embryo
development and lethality, which demonstrates that the func-
tions of cohesin-SA1 and cohesin-SA2 are not redundant. We
report for the first time that defects in cohesin-SA1 function
generate aneuploidy and result in increased incidence and
earlier onset of tumourigenesis. Unlike cohesin-SA2, lack of
cohesin-SA1 leads to aneuploidy in the absence of precocious
separation of sister chromatids (PSSC) in metaphase. Instead,
chromosome segregation defects are caused by defective telo-
mere replication in the absence of telomere cohesion, which is
mediated exclusively by cohesin-SA1.
Results
Ablation of SA1 results in late embryonic lethality
We obtained from the German Gene Trap Consortium an
embryonic stem (ES) cell line in which a rFlpROSA-geo
cassette containing a splicing acceptor site and a polyadeny-
lation sequence was inserted between exons 3 and 4 of the
murine Stag1 gene encoding the SA1-cohesin subunit
(Figure 1A). The insertion creates a null allele and mouse
embryos carrying this allele turn blue upon incubation in
X-gal (Figure 1B). Heterozygous mice are viable and fertile
but they do not produce homozygous progeny, indicating
that SA1 function is essential for viability (Supplementary
Table S1). Homozygous mutant embryos can be found at
Mendelian ratios by day 11.5 of gestation (E11.5), allowing us
to obtain mouse embryonic fibroblasts (MEFs) lacking SA1
mRNA (Figure 1C) or protein (Figure 1D). SA1 transcripts are
1–3 times more abundant than those of SA2 in MEFs, ES cells
and in cells from different mouse tissues (Supplementary
Figure S1A and B) whereas SA2 protein levels are three times
higher than SA1 in MEFs (Supplementary Figure S1C). The
levels of SA2 mRNA and SA2 protein remain virtually un-
changed in the SA1-null MEFs (Figure 1C and D, respec-
tively), suggesting that no compensatory upregulation of the
other SA subunit occurs. SA1-null MEFs show clear prolifera-
tion defects (Figure 1E) that cannot be attributed to an
obvious cell-cycle arrest or to senescence (Figure 1F and
data not shown), and are highly aneuploid even in very
early passages (Figure 1G). Importantly, in cells obtained
from fetal livers at E14.5, without any passage in culture,
aneuploidy is also higher in the SA1-null liver cells
(Figure 1H). Viability of SA1-null embryos strongly decreases
by E12.5 but some embryos that survive to E18.5 are much
smaller than their wild-type littermates (Figure 1I) and show
a substantial reduction of BrdU incorporation in most em-
bryonic tissues (Figure 1J). They present a clear develop-
mental delay and additional features that are reminiscent of
CdLS, such as impaired lipid metabolism and delayed ossifi-
cation (Remeseiro et al, 2012). Thus, some functions of
cohesin-SA1 that cannot be performed by cohesin-SA2
are essential for cell proliferation and, thereby, to fulfil
embryonic development.
SA1 heterozygous animals have increased risk of cancer
but are protected against acute tumourigenesis
SA1 heterozygous mice have increased incidence of sponta-
neous tumours, shorter lifespan than their wild-type litter-
mates and some features of premature ageing such as acute
kyphosis (Figure 2A and B; Supplementary Figure S2A,
respectively). Monoallelic inactivation of SA1 accelerates
the onset of tumourigenesis and changes the spectrum of
tumours from that observed in wild-type mice. Increased
incidence of hepatocellular carcinomas and some other car-
cinomas, as well as vascular tumours, is observed in SA1
heterozygous mice. Most remarkable is the early appearance
of cystic papillary neoplasm (labelled as ‘pancreas’ in
Figure 2A), which resembles human pancreatic intraductal
papillary mucinous neoplasm and is extremely infrequent in
mice (Supplementary Figure S2B, top panel). Tumours of
mesenchymal origin, such as haematopoietic tumours (lym-
phomas and histiocytic sarcomas), are common in ageing
wild-type mice of this genetic background, but appear earlier
in the SA1 heterozygous animals (see examples in
Supplementary Figure S2B). To further address the contribu-
tion of SA1 haploinsufficiency to tumourigenesis, we induced
tumour formation both genetically and chemically. In terms
of survival and tumour incidence, we did not observe sig-
nificant differences between wild-type and SA1 heterozygous
mice in p53-null and PTEN heterozygous backgrounds, prob-
ably due to the dominant effect that the loss of function
of these tumour suppressors has in tumourigenesis
(Supplementary Figure S2C). Strikingly, young SA1 hetero-
zygous mice showed clear resistance to carcinogenesis
upon treatment with 3-methyl-colanthrene (3-MC) and
diethyl-nitrosamine (DEN) to induce fibrosarcomas and
liver tumours, respectively (Figure 2C and E). Increased
DNA damage signalling (gH2AX staining) and lower
proliferation rates (Ki67 staining) could be observed in
fibrosarcoma samples from SA1 heterozygous mice
(Figure 2D; Supplementary Figure S2D). DEN-induced liver
tumours from these animals also showed reduced number of
Ki67-positive cells (Figure 2F). Thus, we suspect that the
reduced proliferative capacity of SA1-deficient cells delays the
growth of acute induced tumours in the young animals.
However, SA1 haploinsufficiency increases susceptibility to
spontaneous tumours and accelerates death in ageing mice
by promoting aneuploidy.
Telomere-specific cohesion defects in SA1-null cells
Metaphase spreads from SA1-null cells present chromosomes
with normally paired centromeres (Figure 3A), suggesting
that cohesin-SA1 is not essential to maintain centromere
cohesion in mouse chromosomes. Treatment of the mouse
C2C12 cell line with siRNAs against SA1, SA2, both SA1 and
SA2 or SMC1 further confirmed this result (Figure 3B; wes-
tern blot analysis in Supplementary Figure S3A). The lack of
only SA1 does not affect centromere cohesion, whereas the
absence of SA2 does. Double depletion of SA1 and SA2, or
depletion of SMC1 increases by almost four-fold the percen-
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tage of metaphases with more than four chromosomes show-
ing clear centromere cohesion defects (Figure 3B). This result
suggests that both cohesin-SA1 and cohesin-SA2 contribute to
arm cohesion so that in the absence of both separation of the
sister centromeres becomes more evident. Since arm and
telomere cohesion are difficult to assess in metaphase
spreads, we performed instead fluorescence in situ hybridiza-
tion (FISH) of interphase cells with probes from subtelomere
and arm regions. Cohesion defects, revealed by the appear-
ance of doublets, are significantly increased in the SA1-null
MEFs for the subtelomeric probes, but not for the arm probes,
suggesting that SA1 has a specific role in telomere cohesion in
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mouse cells (Figure 3C). Downregulation of SA1 or SA2 in
MEFs by siRNA also showed that telomere cohesion specifi-
cally depends on SA1 whereas arm cohesion in the loci
examined was only affected by the absence of SA2
(Figure 3D). Taken all together, our results indicate that
centromeric cohesion relies on cohesin-SA2 whereas cohesin-
SA1 plays a unique role in telomere cohesion in mouse cells.
Aberrant telomeres in cells lacking SA1
We next looked at sister chromatid exchange at telomeres
(T-SCE), an event that needs cohesion, by means of a FISH
technique involving the use of telomeric probes specific for
the lagging and the leading strands, chromosome orientation
FISH or CO-FISH (Bailey et al, 2004). Consistent with the loss
of cohesion, we found a two-fold decrease in T-SCE in cells
lacking SA1 (Figure 4A). Telomere length was similar in wild-
type and SA1-null MEFs (Figure 4B), whereas the number of
telomere fusions was higher in the absence of SA1 (1.2 fusion
events per 100 chromosomes compared with 0.17 in wild-
type cells, n¼ 2 clones per genotype, at least 1100 chromo-
somes counted). More striking was the high incidence of
aberrant telomere structures in SA1-null mitotic chromo-
somes, as judged by the appearance of an irregularly shaped,
not round but elongated or split telomeric FISH signal (Figure
4C and D). SA1 heterozygous MEFs showed an intermediate
phenotype (Figure 4D, grey bar). These aberrant structures,
known as fragile telomeres, have been described in mouse
cells deficient for components of the shelterin complex that
binds the TTAGGG repeats and safeguards the ends of mam-
malian chromosomes (Munoz et al, 2005; Palm and de Lange,
2008; Martinez et al, 2009; Sfeir et al, 2009). They receive this
name for their resemblance to common fragile sites, chromo-
somal regions that challenge the replication machinery and
are often visualized as breaks or gaps in metaphase chromo-
somes upon partial inhibition of DNA synthesis (Durkin and
Glover, 2007). Indeed, treatment of wild-type MEFs with low
doses of the DNA replication inhibitor aphidicolin increases
significantly the frequency of fragile telomeres in control cells
and even in SA1 heterozygous cells (Figure 4E, white and
grey bars, respectively). However, this is not the case for SA1-
null cells, maybe because a further increase in the already
high incidence of fragile telomeres prevents progression to
mitosis (Figure 4E, black bars). Telomere fragility in SA1-null
cells does not result from impaired recruitment of shelterin to
telomeres, as shown by both chromatin fractionation and
ChIP-dot blot assays (Figure 4F and G). Importantly, expres-
sion of full-length SA1 in SA1-null MEFs rescues telomere
fragility almost completely (Supplementary Figure S4), con-
firming that the telomere defect is due to impaired cohesin-
SA1 function.
Deficient telomere replication in SA1-null cells
In order to assess telomere replication, we performed single-
molecule analysis of replicated DNA (SMARD) on telomeric
regions (Norio and Schildkraut, 2001; Sfeir et al, 2009) in
primary wild-type and SA1-null MEFs. By counting the
number of telomeric molecules containing a labelled nucleo-
tide (IdU and/or CldU), we observed a highly significant
reduction in the fraction of replicating telomeres in the SA1-
null MEFs (Po0.0001; Figure 5A and B). Among the labelled
telomeres, twice as many molecules were doubly labelled in
the sample from SA1-null cells (13.9%) compared with wild-
type cells (6.6%), which also reflects slower replication. Cell-
cycle profiles of the two populations and BrdU incorporation
at the time point studied were identical (Supplementary
Figure S5), suggesting that there is not a general defect in
S-phase progression. The specificity of this defect at telo-
meres is further supported by the SMARD analysis of the IgH
locus as a control, which showed no evidence for altered
replication dynamics in the absence of SA1 (P¼ 0.78; Figure
5B and C). Thus, SA1 is specifically required for proper
replication of telomeres.
Cohesion mediated by cohesin-SA1 contributes to
efficient replication of telomeres
We next asked what is the mechanistic contribution of
cohesin-SA1 to telomere replication. On one hand, cohesin
affects origin activation most likely by promoting the proper
organization of replication factories by intra-chromatid loop-
ing (Guillou et al, 2010). On the other, cohesion mediated by
cohesin could contribute to HR required to restart stalled
forks frequently found at telomeres (Sfeir et al, 2009; Badie
et al, 2010). To distinguish between these two possibilities,
we checked the effect of Sororin on telomere fragility. Sororin
is a cohesin-interacting factor required for sister chromatid
cohesion but not for origin activation (Guillou et al, 2010;
Nishiyama et al, 2010). As in MEFs, telomere fragility oc-
curred specifically upon treatment of C2C12 cells with
siRNAs against SA1, but not SA2 (Figure 5D, grey bars), or
upon addition of aphidicolin (Figure 5D, black bars).
Importantly, cells with reduced Sororin showed a significant
increase in telomere fragility (see Supplementary Figure S3B
Figure 1 A knockout mouse model for cohesin-SA1 subunit. (A) Schematic representation of the Stag1-knockout (KO) allele used in this study.
The murine Stag1 locus encoding SA1 contains 34 exons. The precise location of the gene trap cassette is indicated as well as the position of the
primers used for genotyping. LTR, long terminal repeat; SA, splice acceptor; bgeo, b-galactosidase/neomycin phosphotransferase fusion gene;
pA, polyadenylation sequence; triangles represent target sites for FLPe and Cre recombinases (Schnutgen et al, 2005). (B) X-gal staining of
whole embryos carrying the KO allele in heterozygosis (left) and homozygosis (right), and PCR analysis of DNA purified from cells of the
indicated genotypes. (C) Quantitative RT–PCR analysis to evaluate the mRNA levels of SA1 and SA2 in the indicated MEFs. Values are given as
picograms per 2 mg of total RNA. (D) Western blot analysis of whole-cell extracts prepared from MEFs. Tubulin is used as loading control. (E)
Growth curves of primary MEFs of the indicated genotypes (left) and representative images of the cultures by day 6 after plating the same
number of cells. (F) DNA content profile of asynchronous wild-type and SA1-null primary MEFs. Percentage of cells in each phase of the cell
cycle is shown. (G) Graph showing the distribution in the number of chromosomes of at least 100 metaphases from two clones of wild-type,
two clones of heterozygous and six clones of SA1-null primary MEFs. (H) Same analysis carried out in cells from fetal livers. At least 150
metaphases from three wild-type and three SA1-null embryos were examined. (I) E18.5 embryos from the same litter were photographed and
genotyped. Notice the reduced size of the SA1-null embryos. (J) BrdU staining of skin and kidney sections from E17.5 embryos of the indicated
genotypes. Arrowheads point to proliferative areas, such as hair follicles in the skin (top panels) and the outer layer of the kidney (bottom
panels). Automated quantification of the relative BrdU-positive area in whole embryo sections with Definiens Software shows a clear reduction
of 23.4±0.7% in SA1-null embryos with respect to wild-type (n¼ 4 wild-type embryos and n¼ 5 SA1-null E17.5 embryos were analysed).
Scale bars, 200 mm (top) and 100 mm (bottom).
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for western blot analysis). Thus, the cohesive function of
cohesin-SA1 is required for efficient fork progression through
subtelomere/telomere regions. In addition, we observed that
depletion of SA1 or SA2 alone did not increase the percentage
of chromosomes with breaks upon aphidicolin treatment
compared with control cells, whereas simultaneous depletion
of both or depletion of Sororin did (Figure 5E, black bars).
This result indicates that both cohesin-SA1 and cohesin-SA2
contribute to cohesion and prevent fragile site breakage along
chromosome arms, while only cohesin-SA1 can perform this
function at telomeres.
Defective chromosome segregation in SA1-null cells
leads to aneuploidy
To explore the mechanism that generates aneuploidy, we
followed progression through mitosis of wild-type and
Figure 2 Reduced lifespan and increased incidence of spontaneous tumours in SA1 heterozygous mice, but higher resistance against
chemically induced tumours. (A) Tumour incidence in wild-type (n¼ 25) and SA1 heterozygous mice (n¼ 37) relative to animal age in
weeks. Note that SA1 heterozygous mice present higher tumour incidence and earlier onset of tumourigenesis. Haematopoietic tumours,
fibrosarcomas, lung, liver, vascular and pancreas tumours are represented; the category ‘others’ includes osteomas, papillomas and mammary
gland tumours. (B) Kaplan–Meier survival curves for wild-type (blue) and SA1 heterozygous mice (red) (n¼ 25 and 37, respectively).
(C) Kaplan–Meier curves showing tumour-free survival for wild-type and SA1 heterozygous mice injected with 3-MC to induce fibrosarcomas
(n¼ 15 animals per genotype). (D) Quantification of cells showing positive staining for Ki67 and gH2AX on tissue sections from fibrosarcomas
like those shown in Supplementary Figure S2D. Five fields were counted per mouse of a total of four mice of each genotype. (E) Wild-type and
SA1 heterozygous 15-day-old male mice (n¼ 4 each) were injected with DEN and appearance of liver tumours was assessed by computed
tomography (CT) at the indicated times after injection. (F) Quantification of Ki67-positive cells (left) in tissue sections of the liver tumours
induced by DEN (right). Five fields were counted per mouse of a total of four mice of each genotype. Scale bars, 50mm.
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SA1-null MEFs by live-cell imaging. Previous results in
human cells had shown that depletion of cohesin causes a
Mad2-dependent metaphase arrest triggered by the lack of
tension in the absence of proper centromeric cohesion
(Toyoda and Yanagida, 2006). In contrast, the time that
cells spend in mitosis before starting anaphase is similar in
wild-type and SA1-null MEFs (median is 40 and 45 min,
respectively; Figure 6A, blue lines), consistent with the
finding of robust centromeric cohesion in these cells.
However, almost 30% of mitotic cells lacking SA1 fail to
complete mitosis appropriately and either are unable to
complete cytokinesis and end up as binucleated cells
(Figure 6A, green lines; Figure 6B, middle), or start ana-
phase but then collapse into one single tetraploid nucleus
(Figure 6A, yellow lines), or die in mitosis before deconden-
sing their chromosomes (mitotic catastrophe; Figure 6A,
black lines; Figure 6B, bottom). Thus, cells in the two
former categories become tetraploid after traversing
mitosis. Staining of fixed cells also showed a five-fold
increase in the number of binucleated cells among SA1-
null cells compared with wild-type cells (Supplementary
Figure S6). We have observed increased frequency of both
lagging chromosomes and chromatin bridges among the
SA1-null cells (Figure 6C, black bars). The presence of
these structures could account for the observed cleavage
furrow regression that results in either mitotic catastrophe
or tetraploidization. While the former phenotype may con-
tribute to the decreased proliferation rates of SA1-null cells,
the latter is a reported initiator of aneuploidy (Ganem et al,
2007). We also found increased frequency of defective
Figure 3 A specific role of SA1 in telomere cohesion. (A) Metaphase spreads from wild-type and SA1-null MEFs showing proper centromere
cohesion. Scale bars, 10 mm. (B) Metaphase spreads from mouse C2C12 cells treated with control (top panel) and siRNA against SA2 (bottom
panel) are shown as examples of proper and defective centromere cohesion, respectively. Scale bars, 10mm. On the right, bar graph with the
quantification of metaphase cells showing none, 1–3 or X4 chromosomes with split centromeres after treatment with the indicated siRNAs
(nX200 metaphases per condition from two independent experiments). (C) FISH analysis of wild-type or SA1-null primary MEFs in interphase
with probes from the subtelomeric regions of chromosome 8 and 10 (Telo 8 and Telo 10) and arm regions of the same chromosomes (Arm 8 and
Arm 10). nX100 cells per clone from two independent clones per genotype. Scale bars, 5 mm. (D) FISH analysis performed as in (C) in wild-type
primary MEFs untransfected or transfected with siRNAs against SA1 (siSA1) or SA2 (siSA2). nX100 cells per condition.
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anaphases in SA1 heterozygous cells, both ex vivo (in MEFs;
Figure 6C, grey bars) and in vivo (in tissue sections;
Supplementary Figure S7). This finding further supports
the idea that aneuploidy resulting from faulty chromosome
segregation promotes tumourigenesis in SA1 heterozygous
animals.
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Telomere replication defects cause chromosome
missegregation in SA1-null cells
We next tested whether replicative stress could lead to
chromosome segregation defects in MEFs. Indeed, wild-type
MEFs treated with low doses of aphidicolin show high in-
cidence of both lagging chromosomes and anaphases bridges
(Figure 7A). Since SA1-deficient cells present replication
defects specifically at telomeres, it is reasonable to propose
that the chromosome segregation defects described in the
previous paragraph result from impaired telomere replication.
Immunostaining of SA1-null MEFs going through anaphase
reveals that out of 21 anaphases displaying chromatin bridges
none showed centromere (ACA) staining at the bridge,
whereas telomere (TRF1) signals could be detected in 13 of
them (Figure 7B, top and middle panels). The lack of TRF1
staining in the other eight anaphases could reflect loss of the
shelterin upon chromatin stretching. This result supports the
hypothesis that unresolved replication intermediates from
subtelomere/telomere regions interfere with chromosome
segregation and lead to the formation of anaphase bridges.
Figure 5 SMARD analysis of telomeric DNA reveals defective replication in SA1-null MEFs upon loss of telomere cohesion. (A) Examples of
stretched telomeric DNA molecules of variable lengths (50–150 kb), identified by FISH with a telomeric probe (blue), that incorporated IdU
(red) and/or CldU (green) during the time of the pulses. (B) Results of the SMARD analysis for telomeres (top) and molecules containing the
IgH locus as control (bottom) from wild-type and SA1-null MEFs. (C) Examples of IdU/CldU (red/green) incorporation patterns in SwaI-
digested fragments (180 kb) corresponding to the IgH locus, as identified by FISH with the indicated probes (blue). (D) Quantification of fragile
telomeres in mouse C2C12 cells treated with no siRNA (mock) or siRNAs against SA1 (siSA1), SA2 (siSA2) or both (siSA1þ SA2) or Sororin
(siSororin), either in the absence (grey bars) or in the presence of aphidicolin (black bars) as in Figure 4E. (E) Quantification of breaks along
the chromosome arms in the indicated cells either untreated (grey bars) or treated with aphidicolin (black bars). The images on the right show
examples of the broken chromosomes.
Figure 4 Telomere fragility in the absence of SA1. (A) T-SCE measured by CO-FISH (chromosome orientation FISH) in the telomeres of primary
MEFs. The drawing on the left explains how T-SCE are visualized. The images on the middle show an example in which the telomeres indicated
by arrowheads have undergone exchange since they are labelled by both the leading and the lagging strand-specific telomeric probes (green
and red, respectively). Quantification of exchange events is shown in the bar graph on the right. (B) Telomere length measured by Q-FISH
(quantitative FISH) for telomeres from wild-type and SA1-null MEFs (12 metaphase cells from two clones for each genotype). (C) Metaphase
chromosomes from wild-type and SA1-null MEFs stained with a telomeric repeat probe (red) and DAPI (blue). Arrowheads point to fragile
telomeres. (D) Quantification of fragile telomeres in chromosomes from two clones each of wild-type, SA1 (þ /) and SA1-null MEFs. (E)
Telomere fragility measured in wild-type, SA1 (þ /) and SA1-null MEFs either untreated () or treated (þ ) with 0.5mM aphidicolin for 24 h.
In all cases two clones of each genotype were used. (F) ChIP-dot blot analysis of two clones each of wild-type and SA1-null MEFs with
preimmune serum as negative control (PI), anti-TRF1 and anti-H3K9m3 as positive control. The chromatin obtained was transferred to a
membrane and hybridized with a telomeric probe and a centromeric probe (major satellite) as control. TRF1 is present only at telomeres and its
abundance is not affected by the lack of SA1. (G) Chromatin fractionation followed by immunoblotting with antibodies against cohesin
subunits and shelterin proteins in wild-type and SA1-null cells. Mek2 cytoplasmatic kinase and histone H3 are used as control for the
fractionation procedure. WCE, whole-cell extract; Cyt, cytoplasm; Np, nucleoplasm; Chr, chromatin fraction. The amount of TRF1 and Rap1 in
chromatin does not depend on SA1 (lanes 4 and 8).
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We also examined anaphases with lagging chromosomes and
found that in all cases (20 out of 20) the lagging chromosome
consisted of two paired chromatids (Figure 7B, bottom
panels). In this case, we speculate that unreplicated regions
in the short arm telomere, which is next to the centromere,
prevent the separation of sister centromeres.
Taken all together, we show that the absence of telomere
cohesion in cells lacking SA1 results in defective telomere
replication. This generates fragile telomeres and is the cause
of chromosome missegregation leading to mitotic catastrophe
and aneuploidy.
Discussion
A mouse model to address cohesin functions in vivo
The importance of cohesin function in cell proliferation and
differentiation is expanding rapidly (Merkenschlager, 2010;
Dorsett, 2011). Mouse models appear as appropriate tools to
unravel these different functions and their regulation both
temporally (during embryo development and adult ageing)
and spatially (in different tissues and organs). To date, mice
deficient for genes encoding components of the cohesin
complex have been generated for three meiosis-specific sub-
units, Smc1 b (Revenkova et al, 2004), Rec8 (Xu et al, 2005)
and Rad21L (Herran et al, 2011) and also recently for Rad21
(Xu et al, 2010). The first three are viable but sterile whereas
biallelic inactivation of Rad21 results in early embryonic
lethality and only the radiosensitivity of Rad21 heterozygous
animals was reported. A mouse with a conditional allele of
the Rad21 locus has also been generated and used for
depleting cohesin specifically in non-cycling thymocytes
(Seitan et al, 2011). Thus, our study presents the first thor-
ough characterization of a mouse model of a ubiquitously
expressed cohesin subunit, SA1, for embryonic development
and cancer. SA1-null embryos are embryonic lethal, which
demonstrates that cohesin-SA1 performs a function that
Figure 6 Chromosome segregation defects in SA1-null cells. (A) Graphical summary of the fates of mitotic cells from wild-type (n¼ 88) and
SA1-null MEFs (n¼ 86) observed by live-cell imaging. Each line represents the progression through mitosis of a single cell and it is coloured
according to the legend shown below the graph. (B) Examples of wild-type and SA1-null MEFs progressing through mitosis after transfection
with H2B-mCherry (red) to label chromatin. The time after NEBD for each frame is indicated. Examples of a normal mitosis (top), a mitosis that
leads to the formation of a binucleated cell (middle) and a mitosis that ends up in cell death (bottom) are shown. (C) Aberrant anaphases in
SA1 (þ /) and SA1-null MEFs. Examples of a proper anaphase (top), an anaphase with a lagging chromosome (middle) and an anaphase with
a chromatin bridge (bottom) are shown (nX50 cells per clone from two independent clones per genotype).
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cannot be accomplished by cohesin-SA2. Inactivation of SA1
permits embryos to survive at least to E12.5 and, in some
cases, even to E18.5. Decreased proliferation rates of the SA1-
null cells due to metabolic stress resulting from aneuploidy
(Williams et al, 2008), to reduced cell survival upon passage
through mitosis (this study) or to transcriptional dysregula-
tion of pro-proliferation genes like myc (Rubio et al, 2008;
Rhodes et al, 2010; Remeseiro et al, 2012) likely contribute to
the lethality of SA1-null embryos.
Cohesin-SA1 is required for efficient telomere
replication
Cohesin complexes carrying SA1 and SA2 subunits are not
functionally redundant. We have shown that cohesin-SA2 is
more critical for centromeric cohesion and cohesin-SA1 has a
specific role in telomere cohesion, consistent with previous
results in HeLa cells (Canudas and Smith, 2009). Whereas
both contribute to cohesion and prevent fragile site formation
along chromosome arms, only cohesin-SA1 can perform this
role at telomeres. We show mechanistic evidence of the
deleterious effects of cohesion loss for efficient replication
of telomeres, since downregulation of Sororin, a cohesin-
interacting factor specifically required for cohesin to become
cohesive, results also in telomere fragility. The repeated
nature of telomeric sequences, the propensity of their
G-rich strand to form G4 DNA structures, and the presence
of the t-loop hinder the passage of replication forks (Gilson
and Geli, 2007). Furthermore, stalled forks occurring at
chromosome ends cannot be rescued by forks progressing in
the opposite direction. Recent reports shed light on how the
cell deals with this problem (Sfeir et al, 2009; Badie et al, 2010;
Ye et al, 2010). Replicative stress specifically at telomeres
increases dramatically in the absence of SA1, as evidenced
by the high incidence of fragile telomeres and confirmed by
the results of the single-molecule analyses (SMARD). We
propose that cohesion mediated by cohesin-SA1 is an impor-
tant component of the pathway that stabilizes arrested forks
at telomeres and facilitates their restart and/or promotes
HR-mediated repair of breaks generated upon fork collapse.
A new mechanism to generate aneuploidy when
cohesin function is impaired
We have shown that SA1-null cells, despite their robust
centromere cohesion, have defects in chromosome segrega-
tion that most likely arise from defective telomere replication
(see model in Figure 8). Aberrant telomere structures result-
ing from incomplete replication might hinder proper orienta-
tion of the sister kinetochores in the acrocentric mouse
chromosomes, thus increasing the chance of merotely (i.e.,
a single kinetochore attached to both spindle poles), which
generates lagging chromatids in anaphase (Cimini et al, 2001;
Salmon et al, 2005). A close analysis of defective anaphases
in SA1-null cells shows that lagging chromosomes consist of
two paired sister chromatids, not just one. We therefore
favour the alternative possibility that unreplicated regions
in subtelomere/telomere regions of the short arm prevent the
separation of sister centromeres. If the unresolved replication
intermediate happened in the long arm, it would generate
instead a chromatin bridge containing telomere sequences,
and we show evidence for these as well. Our hypothesis is
consistent with recent reports showing that incompletely
replicated regions or unresolved replication intermediates,
or disruption of homology-directed repair, give rise to chro-
matin bridges and lagging chromosomes in anaphase (Torres-
Rosell et al, 2007; Chan et al, 2009; Naim and Rosselli, 2009;
Kawabata et al, 2011; Laulier et al, 2011; Lukas et al, 2011).
The presence of these structures prevents proper cytokinesis
and results in either mitotic catastrophe or tetraploidization,
and the latter could drive aneuploidy in SA1-deficient cells.
Ablation of telomere proteins can also lead to aneuploidy by
additional mechanisms involving either chromosome fusion–
breakage–bridge cycles following telomere de-protection
(Smogorzewska et al, 2002) or bypass of mitosis upon
persistent damage signalling in the uncapped telomeres
(Davoli et al, 2010).
Importantly, SA1 heterozygosity also leads to telomere
fragility, chromosome segregation defects and aneuploidy.
This aneuploidy is likely to contribute to tumourigenesis, as
we show that SA1 heterozygous mice develop spontaneous
tumours earlier than their wild-type littermates and with a
distinct tumour spectrum. Until recently, little was known of
the involvement of cohesin mutations in human cancer (Xu
Figure 7 Defective telomere replication causes chromosome mis-
segregation. (A) Frequency of anaphase bridges and lagging chro-
mosomes in wild-type MEFs untreated (–Aph) or treated (þAph)
with low doses of aphidicolin (0.5mM 24 h). Examples of chromo-
some segregation defects induced by global inhibition of replication
are shown on the right. (B) Examples of SA1-null anaphase cells
with chromosome segregation problems stained with antibodies
against TRF1 (red) and ACA (green). Cells were pre-extracted with
detergent before fixation. The top and middle panels show the
presence of telomeres but no centromeres at the chromatin bridges.
The bottom panel shows a lagging chromosome containing two
sister chromatids. Confocal microscopy was used to ensure that
TRF1 signals were in the same focal plane as the DNA.
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et al, 2011). Inactivation of SA2 has now been found in a
diverse range of tumour types and it has been proposed that
lack of SA2 function leads to aneuploidy due to PSSC in
metaphase (Solomon et al, 2011), in agreement with previous
reports (McGuinness et al, 2005; Canudas and Smith, 2009).
We propose that inactivation of SA1 also generates aneuploi-
dy, but through a completely different mechanism involving
impaired telomere replication.
Materials and methods
Generation of SA1-knockout mouse model, MEFs isolation
and cell culture
An ES cell line containing a SA1-Gene Trap allele (PO99A04) was
obtained from the German Gene Trap Consortium (Schnutgen et al,
2005). Chimeric mice were generated by microinjection of ES clones
into S129V host blastocysts, which were then implanted into
pseudopregnant C57Bl/6J females, and germline transmission was
assessed. Mice were housed in a pathogen-free animal facility
following the animal care standards of the institution. The following
primers were used for genotyping by PCR: F, 50-GTGCTAGGATG
ACTCTGAAACTG-3; B32, 50-CAAGGCGATTAAGTTGGGTAA CG-30; R
50-TGTGCTAGGCAGACAGTCTCC-3. Primary MEFs were isolated
from E12.5 embryos resulting from intercrosses of SA1 hetero-
zygous mice and cultured in DMEM/10% FBS.
Q-FISH, CO-FISH and interphase FISH
Metaphases for Q-FISH were prepared and hybridized as previously
described (Martinez et al, 2009). Images were captured using Leica
Q-FISH software and quantification of telomere intensities to
determine telomere length was performed with TFL-Telo software.
In the indicated cases, cells were cultured in 0.5 mM aphidicolin for
24 h. For CO-FISH, MEFs were cultured in the presence of 10 mM
BrdU for 24 h to ensure complete replication and then CO-FISH was
performed using first a fluorescein-labelled (TTAGGG)7 probe and
then a Cy3-labelled (CCCTAA)7 probe (Applied Biosystems). FISH
on interphase cells was done according to standard protocols, using
probes from subtelomere and arm regions, which were labelled by
nick-translation (Abbott Inc.) on BAC clones from a mouse library
[BAC references: RP23-326G18 (telomere8), RP23-310L10 (arm8),
RP23-71E10 (telomere10), RP23-453P21 (arm10)]. The percentage of
cells with doublets was determined upon counting at least 100 cells
per genotype and per experiment.
SMARD
For SMARD assay, asynchronously growing MEFs were sequentially
labelled with 25 mM IdU (4 h) and 25 mM CldU (4 h). Cells were
embedded in agarose plugs, lysed and DNA was digested with SwaI
and fractionated by PFGE to select 50–150 kb fragments enriched in
telomeric DNA as described (Norio and Schildkraut, 2001; Sfeir
et al, 2009). DNA was stretched on microscope slides coated with 3-
amino-propyltriethoxysilane (Sigma), denatured in alkali-denatur-
ing buffer (0.1 N NaOH in 70% ethanol and 0.1% b-mercaptoetha-
nol) for 12 min and fixed by addition of 0.5% glutaraldehyde
for 5 min. Telomeric DNA was detected by hybridization with a
Biotin-OO-(CCCTAA)4 PNA probe and Alexa Fluor 350-conjugated
NeutrAvidin antibody (Molecular Probes) followed by biotinylated
anti-avidin antibody (Vector). Halogenated nucleotides were
detected with a mouse anti-IdU monoclonal antibody (BD), a rat
anti-CldU monoclonal antibody (Accurate) and Alexa Fluor-
conjugated secondary antibodies.
Chromosome spreads from MEFs and fetal livers
MEFs in culture were arrested in 0.1mg/ml colcemide for 4–6 h,
harvested by trypsinization, swollen in 75 mM KCl for 30 min at
371C and fixed in methanol:acetic acid 3:1. Fetal livers from E14.5
embryos were minced with a scalpel and the cell suspension was
incubated for 10 min at 371C in 0.1mg/ml colcemide in EDTA-
containing buffer, further incubated in 75 mM KCl for 15 min and
fixed in methanol:acetic acid 3:1. In both cases, the fixed
suspension was dropped onto slides to obtain chromosome spreads
that were stained and mounted with ProLong-Gold with DAPI
(Invitrogen) and visualized using a Leica fluorescence microscope.
FACS
FACS analysis for DNA content was performed using propidium
iodide staining, according to the standard procedures. For BrdU
staining, cells were pulsed with 10 mM BrdU for 40 min, fixed and
incubated with FITC-conjugated anti-BrdU antibody (BD Bios-
ciences). Flow cytometry was performed using the FACS Canto II
(Becton Dickinson) and data were analysed using FlowJo software
(version 9.3.1).
Quantitative RT–PCR
The amount of SA1 and SA2 transcripts in MEFs, ES cells and
different mouse tissues was determined by absolute quantitative
RT–PCR. Total RNA was extracted using the RNeasy Mini Kit
(Qiagen) and retrotranscribed with Superscript II (Invitrogen) using
random hexamer primers. An Applied Biosystems 7900HT Fast
qRT–PCR was used to determine the mRNA levels. The following
primers were used: SA1 (F: 50AGGCTTTCATGCTGCTCTGT30 and R:
50TCCATGCTTT GGTTTTCCTC30), SA2 (F: 50GGGGGAGGAACTGT
CTTTCT30 and R: 50CCTTCAATGTCTTCAAAATCTGTG30) and
GAPDH as reference gene (F: 50TGCACCACCAACTGCTTAGC30 and
R: 50GAGG GGCCATCCACAGTCTTC30).
Extract preparation, immunoblotting, ChIP-dot blot
and immunofluorescence
For whole-cell extracts, cells were collected by trypsinization,
washed once in cold PBS, resuspended in SDS–PAGE loading buffer
and sonicated. For protein extracts from organs, a piece of tissue
was pulverized in a mortar containing liquid nitrogen and lysed in
RIPA buffer. Equal amounts of protein were run in either 7.5 or
12.5% Bis/Tris gels followed by western blotting. Chromatin
fractionation was performed according to the protocol described
by Mendez and Stillman (2000). For ChIP-dot blot, immunopreci-
pitates were dot-blotted into Hybond Nþ membrane and hybridi-
zation was performed with a radiolabelled telomeric probe
recognizing the TTAGGG repeats, and a centromeric probe
annealing with the mouse major satellite (Benetti et al, 2007). For
immunofluorescence, cells were cultured on polylysine-coated
coverslips, fixed in 4% formaldehyde for 15 min at room
temperature, permeabilized in 0.2% Triton-X100 for 5 min and
Figure 8 The role of cohesin-SA1 in telomere cohesion and replication is essential for accurate chromosome segregation and to prevent
aneuploidy. See text for details on the model.
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subjected to antibody incubation. Images were taken using a Leica
DM6000 microscope or with a confocal SP5-WLL (for Figure 7).
Rabbit polyclonal sera against SA1, SA2, SMC1 and Sororin were
obtained by using as immunogen either a synthetic peptide
[SA1-C (CEDDSGFGMPMF), SA2 (CDPASIMDESVLGVSMF), SMC1
(CDLTKYPDANPNPNEQ)] or full-length recombinant protein
(mSororin, transferred from IMAGE clone 30065848 into pDEST17)
and affinity purified. Other custom made and commercial
antibodies used in this study were as follows: Rad21 (Losada
et al, 1998); TRF1 and Rap1 (Martinez et al, 2009, 2010); H3K9m3
(Millipore, 07-442); a-tubulin (Sigma, DM1A); GAPDH (Sigma,
G8795); Histone 3 (Abcam, AB1791); Mek2 (BD, M24520);
phalloidin-488 (Invitrogen); ACA (Antibodies Inc., 15-235).
RNA interference and rescue experiments
Interference of SA1, SA2, Sororin and SMC1 was performed
with siGENOME SMARTpool siRNAs from Dharmacon (M-041989,
M-057033, M-048366 and M-049483, respectively) at a final
concentration of 100 nM and experiments were done 72–96 h after
transfection. For interference of C2C12 cells and MEFs, Dharma-
FECT transfection reagent 1 (Dharmacon) and the Neon transfec-
tion system (Invitrogen) were used, respectively. Rescue
experiments were performed by electroporating 106 cells with
12 mg of full-length SA1 cloned in pBABE-puro vector and telomere
fragility was assessed 40 h later.
Recombinant protein expression
RNA obtained from MEFs was used for retrotranscription and
subsequent PCR amplification of cDNA encoding SA1 and SA2
C-terminal regions (amino acids 1089–1258 and 992–1162, respec-
tively). The resultant DNA fragments were then cloned into the
EcoRI site of the pGEX-KG expression vector. Recombinant fusion
proteins were then expressed in BL21-pLys strain and purified
following standard methods. These proteins were used to quantitate
the amount of SA1 and SA2 in MEFs (Supplementary Figure S1C).
Live-cell imaging
MEFs were transfected with H2B-mCherry expression vector using
the Amaxa Nucleofector System and seeded onto chamber-slides.
Time-lapse live-cell imaging was performed using the Delta Vision
system (Applied Precision). Phase-contrast and fluorescent images
were acquired every 5 min with a  10 objective for 24 h. Image
analysis was performed using ImageJ software.
Histology and immunohistochemistry
Embryos, normal tissues and tumour samples were fixed in 10%
buffered formalin (Sigma) and embedded in paraffin using standard
procedures. For histopathological studies, 3 mm sections were
stained with haematoxylin and eosin (HE). Anti-BrdU (GE
Healthcare), Ki67 (Master Diagnostica) and gH2AX (Millipore, 05-
636) primary antibodies were used for immunohistochemical
analysis, positive cells were visualized using 3,3-diaminobenzidine
tetrahydrochloride plus (DABþ ) as a chromogen and counter-
staining was performed with haematoxylin.
Carcinogen treatments
For the induction of fibrosarcomas, 8-week-old mice received a
single intramuscular injection of 1 mg of 3-MC diluted in 100ml of
sesame oil in one of the rear legs. Mice were observed on a daily
basis until tumours of 1.5 cm in diameter developed in the injected
leg, at which point the animals were sacrificed and the tumours
were extracted for further analysis. Liver tumours were induced in
15-day-old male mice by intraperitoneal injection of 50 mg of DEN
diluted in 100ml of PBS. Tumour development was followed by
computed tomography (CT). Animals were observed daily and
sacrificed when they manifested signs of morbidity, in accordance
with the Guidelines for Humane End Points for Animals used in
biomedical research.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 soft-
ware. A two-tailed Fisher’s exact test was done in Figures 3C and D,
5B, 6C and 7A, and for the rest of statistical analysis a two-tailed
Student’s t-test was applied. Data are shown as mean±s.e.m
(standard error of the mean); Po0.05 were considered significant
and actual P-values are depicted in the figures.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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In	   this	   study,	   taking	   advantage	  of	   the	   SA1-­‐null	  model	   as	   a	   tool,	  we	  wanted	   to	   further	  
explore	  the	   functional	  specificity	  of	  cohesin-­‐SA1	  and	  cohesin-­‐SA2.	   In	  order	  to	  gain	   insight	  
into	  this,	  we	  first	  compared	  their	  genome-­‐wide	  distributions.	  We	  report,	  for	  the	  first	  time,	  
the	  genome-­‐wide	  binding	  sites	  of	  four	  different	  cohesin	  subunits	  in	  both	  wildtype	  and	  SA1-­‐
null	  cells	  from	  murine	  origin.	  We	  found	  that	  cohesin-­‐SA1	  is	  enriched	  at	  promoters	  and	  that	  
the	  regions	  containing	  the	  highest	  density	  of	  cohesin-­‐SA1	  molecules	  are	  mainly	  promoters.	  
More	   importantly	   we	   demonstrate	   that	   cohesin-­‐SA1	   determines	   the	   distribution	   of	  
cohesin.	  In	  the	  absence	  of	  SA1,	  cohesin	  is	  significantly	  less	  abundant	  at	  gene	  promoters	  and	  
relocates	   to	   genomic	  positions	   featured	  by	   low	   cohesin	  occupancy	   and	  absence	  of	  CTCF.	  
This	  suggests	  that	  SA2	  is	  incapable	  of	  replacing	  SA1,	  particularly	  at	  these	  genomic	  regions.	  
As	   a	   consequence,	   lack	   of	   SA1	   alters	   gene	   expression,	   affecting	   genes	   involved	   in	  
developmental	  pathways	  relevant	  to	  CdLS.	  We	  also	  show	  that	  the	  presence	  of	  SA1	  at	  the	  
promoters	  of	  certain	  genes	  positively	  regulates	  their	  expression	  (e.g.	  myc,	  Protocadherins),	  
a	   function	   that	   cannot	   be	   assumed	   by	   SA2.	   Other	   cohesin-­‐SA1	   binding	   sites	   outside	  
promoters	  are	  relevant	  for	  proper	  gene	  expression.	  Indeed,	  the	  absence	  of	  SA1	  also	  alters	  
the	  cohesin-­‐binding	  pattern	  along	  some	  gene	  clusters	  leading	  to	  dysregulation	  of	  the	  genes	  
within.	  All	  this,	  together	  with	  the	  fact	  that	  SA1-­‐null	  embryos	  present	  features	  reminiscent	  
of	  CdLS,	  led	  us	  to	  hypothesize	  that	  impaired	  function	  of	  cohesin-­‐SA1	  in	  regulation	  of	  gene	  
expression	  may	  underlie	  the	  etiology	  of	  Cornelia	  de	  Lange	  syndrome.	  	  
In	  this	  project	  I	  have	  worked	  in	  team	  with	  Ana	  Cuadrado,	  coauthor	  of	  the	  paper,	  and	  my	  
contribution	   comprises	   the	   design,	   performance,	   analysis	   and	   interpretation	   of	   all	   the	  
experiments,	   as	   well	   as	   writing	   of	   the	   manuscript,	   under	   the	   supervision	   of	   the	   thesis	  
director	  Dr.	  Ana	  Losada.	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Vertebrates have two cohesin complexes that consist of
Smc1, Smc3, Rad21/Scc1 and either SA1 or SA2, but their
functional specificity is unclear. Mouse embryos lacking
SA1 show developmental delay and die before birth.
Comparison of the genome-wide distribution of cohesin
in wild-type and SA1-null cells reveals that SA1 is largely
responsible for cohesin accumulation at promoters and at
sites bound by the insulator protein CTCF. As a conse-
quence, ablation of SA1 alters transcription of genes
involved in biological processes related to Cornelia de
Lange syndrome (CdLS), a genetic disorder linked to
dysfunction of cohesin. We show that the presence of
cohesin-SA1 at the promoter of myc and of protocadherin
genes positively regulates their expression, a task that
cannot be assumed by cohesin-SA2. Lack of SA1 also alters
cohesin-binding pattern along some gene clusters and
leads to dysregulation of genes within. We hypothesize
that impaired cohesin-SA1 function in gene expression
underlies the molecular aetiology of CdLS.
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emboj.2012.60; Published online 13 March 2012
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Introduction
In addition to its role in sister chromatid cohesion, essential
for accurate chromosome segregation and postreplicative
DNA repair (Losada and Hirano, 2005; Peters et al, 2008;
Nasmyth and Haering, 2009), cohesin contributes to tran-
scriptional regulation (Rollins et al, 2004; Dorsett et al, 2005;
Horsfield et al, 2007; Hallson et al, 2008; Pauli et al, 2008,
2010; Schaaf et al, 2009; Lin et al, 2011), DNA replication
(Guillou et al, 2010), V(D)J recombination (Degner et al,
2009) and T-cell receptor rearrangement (Seitan et al, 2011).
Chromosome conformation capture (3-C) studies and other
experimental evidences suggest that cohesin performs these
functions by promoting the formation of chromatin loops in
collaboration with additional factors (Hadjur et al, 2009;
Mishiro et al, 2009; Nativio et al, 2009; Hou et al, 2010;
Chien et al, 2011; Seitan et al, 2011). One such factor is CTCF,
which colocalizes with cohesin at many sites along the
human and mouse genomes (Parelho et al, 2008; Rubio
et al, 2008; Wendt et al, 2008). Cohesin is also found at
non-CTCF-binding sites occupied by tissue-specific transcrip-
tion factors (TFs), and possibly contributes to set up tissue-
specific transcriptional programs (Schmidt et al, 2010). In
murine embryonic stem cells, cohesin and the transcriptional
coactivator Mediator facilitate DNA looping between the
enhancers and promoters of some genes required to maintain
pluripotency (Kagey et al, 2010).
The involvement of cohesin in all these different processes
that are critical for cell proliferation and differentiation makes
it difficult to determine which is most relevant for cohesino-
pathies, human syndromes caused by mutations in proteins
related to cohesin (Bose and Gerton, 2010). The most pre-
valent cohesinopathy described to date is the Cornelia de
Lange syndrome (CdLS), which is caused by heterozygous
mutations in the cohesin loader Nipbl (Krantz et al, 2004;
Tonkin et al, 2004) or, in a reduced number of cases, in the
cohesin subunits Smc1 or Smc3 (Musio et al, 2006; Deardorff
et al, 2007). CdLS is characterized by mental retardation,
reduced body size, dysmorphic face, upper limb defects and
several additional organ abnormalities (Liu and Krantz,
2009). Cells from patients rarely show cohesion defects and
instead, microarray studies reveal altered patterns of gene
expression (Castronovo et al, 2009; Liu et al, 2009).
Nipbl-heterozygous mice exhibit many features of CdLS and
display modest but significant transcriptional changes in
mouse embryonic fibroblasts (MEFs) and embryonic brains
(Kawauchi et al, 2009). Whether the wide range of defects
observed in CdLS patients are elicited by expression changes
in a few critical genes or by the sum of multiple small
alterations is unclear (Muto et al, 2011). Moreover, the
exact role of cohesin in CdLS pathogenesis is still far from
understood.
Importantly, somatic vertebrate cells have two distinct
versions of cohesin that consist of Smc1, Smc3, Rad21/Scc1
and either SA1 or SA2 (Losada et al, 2000; Sumara et al,
2000). The two SA proteins show 75% sequence identity
along their central region and only differ in short regions at
both ends of each protein. Cohesin-SA1 and cohesin-SA2
present similar cell-cycle regulation in terms of loading and
dissociation from chromatin (Losada et al, 2000) and are
found in all mouse tissues (Remeseiro et al, 2012). However,
they are not functionally equivalent. Mice homozygous for a
gene-trap allele that abolishes SA1 expression are embryonic
lethal (Remeseiro et al, 2012). We have shown that cohesin-
SA1 plays a specific role in telomere cohesion that is essential
for efficient telomere replication. In contrast, cohesion at
centromeres, which is critical for chromosome segregation,
relies on cohesin-SA2 (Canudas and Smith, 2009; Solomon
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et al, 2011). Despite their robust centromeric cohesion, chro-
mosome segregation is defective in SA1-deficient cells and
often leads to aneuploidy, increasing the incidence of spon-
taneous tumours in heterozygous animals (Remeseiro et al,
2012).
To further understand the functional specificity of cohesin-
SA1 and cohesin-SA2, we have compared their genomic
distributions. We report, for the first time, the genome-wide
binding sites of four different cohesin subunits in both wild-
type and SA1-null mouse cells. We show that cohesin-SA1
is enriched at promoters and, more importantly, that it
determines the distribution of cohesin. In the absence of
SA1, cohesin is significantly less abundant at gene promoters
and relocates to genomic positions featured by low cohesin
occupancy and absence of CTCF. As a result, gene expression
is altered, affecting genes involved in developmental
pathways relevant to CdLS.
Results
SA1 is essential for embryonic development
We recently generated a genetically modified mouse model
lacking the expression of Stag1 gene encoding the SA1
cohesin subunit (Remeseiro et al, 2012). Viability of
SA1-null embryos strongly decreases by E12.5, but some
exceptionally survive to E18.5 (see Supplementary Table S1
in Remeseiro et al, 2012). Those late embryos present a clear
growth delay and general hypoplasia (Figure 1A). Their skin
is much thinner, with less hair follicles and a reduced muscle
layer compared with their wild-type littermates (Figure 1B,
panel I). The developmental delay is also observed in organs
such as kidney and liver (Figure 1B, panels II and III,
respectively). Interestingly, SA1-null embryos present some
features characteristic of CdLS in addition to the reduced
body size. These include impairment of lipid metabolism, as
illustrated by a dramatically diminished interscapular layer of
brown adipose tissue (BAT) (Figure 1B, panel IV), and severe
abnormalities in skeletal and bone development, featured by
delayed ossification and defective calcium deposition
(Figure 1B, panels V–VII). Both cohesin-SA1 and cohesin-SA2
are ubiquitously expressed in wild-type E17.5 embryos and,
Figure 1 SA1-null embryos present growth delay. Histological
analysis of HE-stained tissue sections from E17.5 embryos shows
general hypoplasia and developmental delay in SA1-null embryos.
(A) SA1-null embryos present a much reduced body size compared
with their wild-type littermates. The following organs/tissues are
indicated: BAT, brown adipose tissue; Br, brain; He, heart; Ki,
kidney; Li, liver; Lu, lung; Pa, pancreas; SI, small intestine; Sk,
skin; St, sternum; Th, thymus; To, tongue; Vc, vertebral column; Vi,
vibrissa. Scale bars, 2 mm. (B) Detailed sections of different tissues
showing either developmental delay or CdLS features. (I) Thinner
skin (black line) in SA1-null embryos with less hair follicles (arrow-
heads), reduced adipose tissue (At) and thinner muscle layer (M).
Scale bars, 50 mm. (II) Kidney sections showing collecting ducts
already formed in wild-type (black arrowheads) and not radially
arranged in SA1-null embryos. In the latter, glomeruli are dispersed all
over as primitive glomeruli at earlier stages (white arrowheads).
Scale bars, 100 mm. (III) Decreased number of haematopoietic
precursors in livers from SA1-null embryos compared with wild-
type (arrowheads). Scale bars, 100 mm. (IV) Thickness of the inter-
scapular layer of BAT is dramatically diminished in SA1-null
embryos (black line). Scale bars, 500 mm. (V) Delayed intramem-
branous ossification in the cranium in the absence of SA1. Notice
the presence of cartilage (C) in SA1-null embryos instead of bone
(Bo) already formed in the wild-type. Scale bars, 100mm. (VI)
Defective bone calcification (Ca) in the cranium from SA1-null
embryos. Scale bars, 20 mm. (VII) Delay in dentition in SA1-null
embryos. Arrowheads in both sections indicate tooth buds. Scale
bars, 500 mm.
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importantly, SA2 expression is not altered in SA1-null
embryonic tissues, including those described above (Supple-
mentary Figure S1A). Protein and mRNA levels of other
cohesin subunits remain invariable in the absence of SA1
(shown for brain in Supplementary Figure S1B and C).
Moreover, the amount of total cohesin bound to chromatin
does not change in MEFs lacking SA1 (Figure 4G in
Remeseiro et al, 2012). Thus, it is unlikely that the inability
of cohesin-SA2 to compensate the cohesin-SA1 deficiency has
merely a quantitative basis. Instead, cohesin-SA1 must
perform specific function(s) in embryonic development that
cannot be assumed by cohesin-SA2.
Genome-wide distribution of cohesin-SA1
and cohesin-SA2
In order to assess if a differential distribution of the two
cohesin complexes contributes to their functional specificity,
we performed chromatin immunoprecipitation followed by
massive parallel DNA sequencing (ChIP-seq) in primary
MEFs (E12.5) using SA1, SA2, SMC1 and SMC3-specific
antibodies (Supplementary Figure S2A and B). Genome-
wide analysis of the sequenced tags using MACS peak
detection algorithm (see Materials and methods) defined
25 737 binding sites for SA1, 7741 for SA2, 23 994 for
SMC1 and 15 546 for SMC3, with a cutoff P-value of 105
and FDRo0.1 (Figure 2A and B; ChIP-seq data summary
in Supplementary Tables S1 and S2). A subset of these
regions was further validated by quantitative PCR analysis
(ChIP-qPCR; Supplementary Figure S2C, D and E). As
expected for proteins forming a complex, a large overlap
was observed between the binding sites obtained with
SMC1 and SMC3 antibodies, as well as between those seen
with SMC1 and either SA1 or SA2 antibodies (Figure 2C).
Lack of a more complete overlap is likely attributable to
slight differences in the accessibility of the antibodies to the
complex depending on its chromatin environment. Since
cohesin has been reported to colocalize with the insulator
protein CTCF, we compared all our cohesin data sets
with a data set of CTCF-binding sites from a murine cell
line available online (ENCODE/Stanford/Yale data set). Most
positions detected with any given cohesin antibody corre-
spond to a CTCF-binding site, with the SA2 data set showing
the lowest overlap (63%; Supplementary Figure S3A). Thus,
our ChIP-seq data, obtained with four different antibodies,
provide an accurate map of cohesin-binding sites along the
mouse genome.
Figure 2 Genome-wide distribution of cohesin-SA1 and cohesin-SA2 in the mouse genome. (A) Representative genomic distribution of SA1,
SA2, SMC1 and SMC3 in a region of mouse chromosome 4. Tag counts (upper) and called peak tracks (lower) are shown. A track with CTCF-
binding sites (from ENCODE/Stanford/Yale data set) and the input are also depicted. Higher magnification of a region of chromosome 13 is
shown in (B). (C) Venn diagrams showing the overlapping between the binding sites identified in wild-type MEFs by ChIP-seq with the
indicated antibodies.
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Cohesin distribution and enrichment at promoters
depend on SA1
Cohesin-SA1 and cohesin-SA2 binding sites are distributed
among gene-associated and intergenic regions to a similar
extent in wild-type MEFs (Figure 3A, left and middle pie
charts). Importantly, cohesin-SA1 is highly enriched at
regions 1-kilobase (kb) upstream transcription start sites
(TSS) considering that they represent only 0.62% of the
mouse genome (Figure 3B, left). The enrichment is signifi-
cantly less noticeable for cohesin-SA2. This difference is even
more remarkable if we compare enrichment at TSS of cohe-
sin-binding sites that are exclusive for SA1 or SA2 (Figure 3B,
right). In addition, the frequency of binding at TSS is higher
for cohesin-SA1 than for cohesin-SA2 (Figure 3C, left). We
next asked whether the absence of SA1 affects cohesin
distribution. Indeed, ChIP-seq analysis of SA1-null MEFs
with the SA2 antibody resulted in 6349 peaks (P-value of
105, FDRo0.1) from which only 45% overlap with the SA2
peaks found in wild-type MEFs (Supplementary Figure S3B;
Supplementary Tables S1 and S2). The new positions
occupied by SA2 correspond to binding sites preferentially
located at intergenic regions (Figure 3A, pie chart on the
right). The frequency of SA2 binding at TSS is further
reduced in SA1-null cells, which suggests that SA2 is unable
to replace SA1 particularly at these genomic positions
(Figure 3C, right). Interestingly, we observed a gradual
increase in frequency of binding at TSS as the cohesin-
bound regions lengthen only in the case of cohesin-SA1,
but not for cohesin-SA2 in either wild-type or SA1-null cells
(Figure 3D). This indicates that genomic regions containing
the highest density of cohesin-SA1 molecules are mainly gene
promoters.
To further characterize the redistribution of cohesin-SA2 in
the absence of SA1, we performed ChIP-seq with SMC1 and
SMC3 antibodies in SA1-null MEFs. The number of cohesin
positions detected with these antibodies in the SA1-null MEFs
(46 997 and 34 800, respectively) is higher than the number
detected with the SA2 antibody, most likely due to a more
limited sensibility of the latter (Supplementary Tables S1 and
S2). The fact that the number of peaks doubles in both cases
with respect to wild-type MEFs suggests a major redistribu-
tion of cohesin in the absence of SA1 (Supplementary Figure
S3C). Of all SMC1-binding sites identified in SA1-null MEFs,
45% correspond to cohesin-SA1 positions in wild-type cells
(group ‘a’ in Figure 3E). The remaining 55% (group ‘b’) show
significantly lower peak intensity than those in group ‘a’, and
the same is true for the SMC3-binding sites in SA1-null MEFs
(groups ‘c’ and ‘d’ in Figure 3E; examples are shown in
Figure 3F, left). Binding to some of these regions with lower
cohesin occupancy was validated by ChIP-qPCR (Supplemen-
tary Figure S2C, lower panels). These positions have an
additional feature. Whereas most sites bound by SMC1 and
SMC3 in wild-type MEFs are also CTCF sites (71 and 82%
respectively, see charts in Figure 3F, right), the overlap
decreases to 46 and 58% in SA1-null cells, mostly due to
the modest overlapping of the new positions with CTCF
(groups ‘b’ and ‘d’, 19 and 27%, respectively). These results
indicate that in the absence of SA1, cohesin spreads to CTCF-
negative positions in which the complex shows significantly
weaker enrichment compared with the positions defined in
the wild-type cells. Taken all together, we conclude that
cohesin accumulation at promoters and CTCF sites depends
largely on the presence of SA1. This points to a unique role of
cohesin-SA1 in transcriptional regulation.
Transcriptome changes in SA1-null cells affect CdLS-
related functions
To obtain a global view of expression changes in the absence
of SA1, we analysed the transcriptomes of SA1-null and wild-
type MEFs using microarrays (Supplementary Table S3). An
enrichment analysis of Gene Ontology (GO) terms revealed
profound functional differences between both expression
profiles. Transcriptional changes in the SA1-null cells led to
upregulation of GO-defined processes related to phagocyto-
sis, endocytosis and apoptosis. In contrast, processes asso-
ciated with abnormalities observed in CdLS patients, such as
limb and skeletal system morphogenesis, heart and lung
development and lipid metabolism, were downregulated
(Figure 4A; Supplementary Table S4). Moreover, we found a
significant overlap (GO Comparative Analysis, FDRo0.05)
between the transcriptional changes linked to the loss of
cohesin-SA1 and those reported for Nipbl-heterozygous
MEFs (Kawauchi et al, 2009) (Figure 4B; Supplementary
Table S5). A stringent statistical analysis (FDRo0.15) identi-
fied 55 differentially expressed genes (DEGs), many of them
significantly upregulated in the SA1-null MEFs (Supplemen-
tary Table S6). Validation of microarray data was performed
by qPCR for a subset of 15 genes (Supplementary Figure S4).
To determine if this transcriptional regulation is SA1 specific,
we knocked down either SA1 or SA2 in MEFs by siRNA.
Transient downregulation of SA1 significantly reduced the
expression of 11 out of 14 genes selected from those found to
be regulated by SA1 in the microarray analysis (Figure 4C). In
contrast, reduction of SA2 expression only affected two of the
tested genes, supporting the specificity of cohesin-SA1 in this
regulation. Since SA1 is present in the vicinity of the TSS in
only six of the DEGs (Supplementary Table S6), it is likely
that cohesin-SA1 affects gene expression by additional
mechanisms that do not require its presence at promoters.
According to recent literature, cohesin promotes the proper
topological organization of gene expression domains or gene
clusters. Consistent with this role for cohesin-SA1, we
observed that 18 out of 55 DEGs are located in close proxi-
mity of one another (o800 kb; Figure 4D). Finally, cohesin
may indirectly affect the expression of a gene by regulating a
factor required for its transcription (Horsfield et al, 2007).
As described in the next sections, we have found evidence of
the importance of cohesin-SA1 in these different modes of
regulation of gene expression by cohesin.
Cohesin-SA1 positively regulates c-myc expression
Myc is a major modulator of cell proliferation, growth and
differentiation whose transcription is regulated by cohesin in
different organisms (Stedman et al, 2008; Rhodes et al, 2010).
Mutant mice expressing reduced levels of Myc have
decreased body mass owing to multiorgan hypoplasia
(Trumpp et al, 2001). Our ChIP-seq data show that the
c-myc gene constitutes one of the most prominent SA1-
binding regions in the mouse genome (Figure 5A).
Quantitative qPCR analyses in MEFs validate this result and
show that SMC1 levels in this region are severely reduced in
the SA1-null cells (Supplementary Figure S2D). Expression of
myc target genes is significantly altered in these cells
(FDR¼ 0.06; Supplementary Figure S5), supporting the rele-
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Figure 3 Cohesin distribution depends on SA1. (A) Distribution of SA1 and SA2 in SA1þ /þ (wild-type) cells and of SA2 in SA1/ cells
represented as percentage of peaks detected at gene-associated regions (including 1 kb upstream TSS, Gene Body and 1 kb downstream TTS)
and intergenic regions. Notice that SA2 relocates towards intergenic regions in the absence of SA1. (B) Left: The percentage of SA1 and SA2
binding sites located in regions 1 kb upstream TSS in wild-type cells was normalized against the frequency of these regions in the genome and
displayed as fold enrichment. Right: Same analysis performed for positions that are exclusive for SA1 or SA2 (shadowed bars). ***Po0.0001.
(C) Cohesin distribution around TSS (±15 kb) defined as peak density (%). The histogram represents the difference in peak density between
SA1 and SA2. (D) Frequency of binding at TSS in percentiles of peak length distribution (P50, P75, P90, P95 and P99). (E) Peak intensity
(measured as fold change) for SMC1 and SMC3 peaks identified in SA1-null MEFs that overlap (groups ‘a’ and ‘c’) or not (groups ‘b’ and ‘d’)
with SA1 peaks, as indicated in the Venn diagrams below the graph. Notice that cohesin positions in groups ‘a’ and ‘c’ present significantly
higher occupancy (medians¼ 24.4 and 18.5, respectively) than those in groups ‘b’ and ‘d’ (medians¼ 9.2 and 7.6, respectively). See
Supplementary Figure S3B for the number of peaks in each group. (F) Left: Representative image showing the redistribution of SMC1 and SMC3
in SA1-null cells towards low occupancy sites (arrowheads). Right: Venn diagrams showing the overlapping between CTCF-binding sites and
the cohesin-binding sites indicated, including those defined as groups ‘b’ and ‘d’ in (E). More detailed information regarding the peak number
within each group is shown in Supplementary Figure S3A and B.
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vance of cohesin-SA1 in positively regulating c-myc. More
importantly, ChIP-qPCR performed in brain tissue obtained
from wild-type and SA1-null E17.5 embryos indicates that
also in vivo SA2 does not efficiently replace SA1 (Figure 5B).
Myc mRNA and protein levels are reduced in brains from
SA1-null embryos, as shown by qPCR and immunostaining
(Figure 5C and D, respectively). It is likely that decreased cell
proliferation rates due to transcriptional downregulation of
c-myc contributes to the lethality of SA1-null embryos. We
asked whether other TFs might be regulated by cohesin-SA1.
Indeed, gene set analysis revealed that among the transcrip-
tionally altered genes, there is a statistically significant
enrichment in genes with binding sites for Pax2 and MafB
(Figure 5E, top), two TFs involved in differentiation and
development (Cordes and Barsh, 1994; Mansouri et al,
1996) whose encoding genes contain cohesin-SA1 at their
promoters. Consistently, two of the DEGs are MafB down-
stream targets (Figure 5E, bottom) and MafB itself is upregu-
lated in SA1-null MEFs (Supplementary Table S3). Therefore,
part of the expression changes associated to cohesin-SA1 loss
can be secondary to the regulation of genes encoding TFs.
Cohesin-SA1 regulates the expression of gene clusters
involved in skin functions
Among DEGs not having cohesin at TSS there are three genes
involved in skin development and function (Ccl6, Cxcl16 and
Mmp3). Since SA1-null embryos show defects in skin forma-
tion (Figure 1B, panel I), we decided to take a closer look at
expression changes caused by the absence of SA1 in genes
with skin-related functions including immunity, proliferation,
Figure 4 Gene expression changes in the absence of SA1. (A) GO analysis (FDRo0.05) reveals biological processes upregulated (in red) and
downregulated (in blue) in SA1-null MEFs compared with wild-type. FDRs for each of the enriched GO terms are indicated. (B) GO Comparative
Analysis (FDRo0.05) between transcriptomes from SA1-null and Nipbl-heterozygous MEFs. Common GO terms were grouped in five big
biological processes: skeletal and bone development, morphogenesis, translation, heart and lung development and lipid metabolism. The
number of GO terms belonging to each group is shown (# GOs). (C) Expression of a set of SA1-regulated genes that includes 10 DEGs (shown in
bold) and additional genes (Sox11 and skin-related genes, marked with an asterisk) was measured in wild-type MEFs after transfection with SA1
or SA2 siRNAs (results come from triplicate qPCR reactions from two independent experiments). The upper inset shows the efficiency of siRNAs.
(D) Chromosomal location of the 55 DEGs (FDRo0.15). Notice that 18 of them are located in close proximity (shadowed).
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skin architecture and motility. Gene Set Enrichment Analysis
(GSEA) revealed a highly significant enrichment in
those genes in SA1-null MEFs (FDRo103; Supplementary
Figure S6A). Only 15 out of 88 (17%) skin-related genes
whose transcription changes have SA1-binding sites up to
5 kb from their TSS (Supplementary Table S7). Strikingly, 63
of the genes (72%) are located in clusters (labelled in blue in
Figure 6A), such as the Ccl and Cxcl clusters involved in skin
immune function or the keratin clusters involved in
skin structure. Analysis of mRNA levels further confirmed
the SA1-specific transcriptional changes for a subset of genes
implicated in the immune response (Figure 6B; see also genes
labelled with an asterisk in Figure 4C). As shown by ChIP-seq
for the keratin cluster in chromosome 11 and for the Cxcl
cluster in chromosome 5, cohesin distribution within the
cluster is considerably altered in SA1-null cells, as judged
by the appearance of multiple ‘new’ sites with low cohesin
occupancy (Figure 6C; Supplementary Figure S6B). At the
same time, there is much less cohesin at SA1-binding sites, as
exemplified by the reduced binding of SMC1 and SMC3 to a
site located in the vicinity of Krt15/19 genes in SA1-null cells
(indicated with an arrowhead in Figure 6C; qPCR data in
Supplementary Figure S2C, upper panels). We therefore
hypothesize that cohesin-SA1 plays an architectural role in
the organization of these gene clusters that is essential for
regulation of their gene expression.
Cohesin-SA1 regulates the expression of
Protocadherins in the brain
A detailed analysis of the transcription data revealed the
downregulation of many members of the protocadherin
(Pcdh) gene family in SA1-null cells. Most, but not all, Pcdh
genes are present in three consecutive clusters (Pcdh a, b
and g) at mouse chromosome 18. The expression of the Pcdh
genes in these clusters is regulated by multiple promoters and
alternative cis splicing (Yagi, 2008). Our ChIP-seq data iden-
tified SA1-binding sites located precisely at most of the
multiple TSS of the clustered Pcdh genes (Figure 7A) and
also at non-clustered Pcdh genes (e.g., Pcdh7; validation
shown in Supplementary Figure S2E). In vivo, ChIP-qPCR
performed in the brains from wild-type and SA1-null E17.5
embryos showed on the one hand, the prevalence of SA1 over
SA2 at the TSS of several of these genes, and on the other, that
SA2 does not efficiently replace SA1 in the SA1-null
brains, since SMC1 occupancy in these regions is much
reduced (Figure 7B). Given that protocadherins are essential
for central nervous system development (Morishita and Yagi,
2007), the contribution of cohesin-SA1 to their transcriptional
regulation may be particularly critical in the brain. Indeed,
we observed a highly significant downregulation of 7 out of 8
Pcdh genes in the brains of E17.5 SA1-null embryos com-
pared with wild-type (Figure 7C). We had chosen these genes
because they had also been found downregulated in the
brains of Nipbl-heterozygous mice, leading the authors to
propose that reduced levels of protocadherins in the brain
might contribute to the mental retardation observed in CdLS
patients (Kawauchi et al, 2009). Importantly, we here show
that regulation of Pcdh gene expression in the brain relies on
the presence of cohesin-SA1 at their TSS.
Discussion
Vertebrates have two distinct cohesin complexes that contain
either SA1 or SA2 (Losada et al, 2000; Sumara et al, 2000),
but most studies assume that both function in a similar way
and/or that cohesin-SA2 is more relevant because it is more
abundant in somatic cells (Xiao et al, 2011). However, abla-
tion of SA1 results in embryonic lethality in mice and late
SA1-null mouse embryos present a clear developmental delay
(Remeseiro et al, 2012; this study). Thus, cohesin-SA1 and
cohesin-SA2 are not functionally equivalent. On one hand,
we have shown that cohesin-SA1 is responsible for telomere
cohesion whereas cohesin-SA2 is critical for centromere
cohesion. On the other hand, we report here that cohesin-
SA1 has an important role in gene regulation that cannot be
assumed by cohesin-SA2.
Figure 5 Cohesin-SA1 regulates myc expression. (A) SA1-binding
region at myc gene (5350 bp) is the widest in the mouse genome
(the median is 531 bp). (B) Validation by ChIP-qPCR of SA1, SA2
and SMC1 binding at myc promoter in wild-type (n¼ 12) and SA1-
null (n¼ 9) E17.5 brains. (C) Myc mRNA levels are significantly
reduced in SA1-null brains from E17.5 embryos. Three embryonic
brains per genotype were used. (D) Immunohistochemistry on
E17.5 brains showing reduced Myc protein levels in the cortex of
SA1-null embryos. Notice the different cortical structure between
wild-type and SA1-null brains. Scale bars, 40mm. (E) Table showing
two TFs whose target genes are dysregulated in SA1-null cells.
Expression levels of two of those target genes (CxCl16 and Btk)
were estimated from three independent qPCR reactions of two
clones per genotype. Values are represented as log2 of fold change
(FC) versus wild-type. **Po0.01, *Po0.05.
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Differences between SA1 and SA2
We have analysed the genome-wide distributions of SA1 and
SA2 in MEFs and found that cohesin-SA1 has a greater
propensity for localizing at gene promoters and gene bodies,
while cohesin-SA2 prefers intergenic regions. Moreover, in
the absence of SA1, cohesin-SA2 (the only cohesin present)
redistributes to intergenic regions and fails to accumulate at
promoters and other sites nearby genes that could be
important for transcriptional regulation, such as sites also
bound by CTCF (see model in Figure 8, left). The molecular
mechanisms by which cohesin-SA1 regulates gene expression
are likely related to the ability of the complex to bring
together two DNA sequences not only in trans (the sister
chromatids), but also in cis, thereby facilitating DNA looping
(Hadjur et al, 2009; Mishiro et al, 2009; Nativio et al, 2009;
Hou et al, 2010; Chien et al, 2011). These loops may dictate
gene expression by promoting or preventing communication
between enhancers and promoters in different configurations.
One would require the presence of cohesin at the promoter
(model in Figure 8, upper right) whereas in other cases,
cohesin would be located away from the promoter and
would mediate the organization of a gene cluster (Figure 8,
lower right). The transcriptional changes observed in SA1-
null cells and tissues indicate that cohesin-SA2 cannot fulfil
the function of cohesin-SA1. We envision that SA1 and SA2
must confer distinct properties to cohesin. The mechanism by
which cohesin associates with chromatin, namely by topolo-
gical embrace, allows cohesin sliding along DNA (Lengronne
et al, 2004; Ocampo-Hafalla and Uhlmann, 2011). Cohesin-
SA1 could be less prone to sliding than cohesin-SA2 or, in
other words, more prone to occupy a fixed genomic position.
Cohesion, probably the most important function of cohesin-
SA2, does not require localization of cohesin at precise sites,
whereas regulation of transcription does. The molecular
mechanisms underlying the potential differences in mobility
between cohesin-SA1 and cohesin-SA2 remain to be eluci-
dated. One possibility is that the interaction of SA1 and SA2
with Wapl and Pds5, two cohesion factors that modulate the
association of cohesin with chromatin throughout the cell
cycle, has distinct characteristics (Losada et al, 2005; Gandhi
et al, 2006; Gause et al, 2010; Nishiyama et al, 2010). Another
is the preferential interaction of SA1 with proteins present at
defined sites such as CTCF, Mediator or Polycomb (Misulovin
et al, 2008; Parelho et al, 2008; Rubio et al, 2008; Wendt et al,
2008; Nativio et al, 2009; Kagey et al, 2010; Strubbe et al,
2011; Xiao et al, 2011). The identification of proteins that
specifically interact with either SA1 or SA2 is one goal of our
future work.
Cohesin-SA1 and CdLS
The role of cohesin in transcriptional regulation has become
particularly relevant for human health after identification of
mutations in the cohesin loader Nipbl and in cohesin sub-
units as a major cause of CdLS and the subsequent finding
that cells from CdLS patients do not show overt cohesion
defects (Liu and Krantz, 2009; Dorsett, 2011). A mouse
Figure 6 SA1 regulates clustered genes involved in skin development. (A) Transcriptional changes detected in genes involved in skin
development and function in SA1-null cells. Bars represent the log2 FC in SA1-null compared with wild-type cells obtained from microarray
analysis. Genes in clusters are depicted in blue and genes belonging to the same cluster are grouped (blue shadow). (B) Validation by RT–qPCR
of transcriptional changes in some of the genes shown in (A) (from three independent qPCR reactions of two clones per genotype).
***Po0.001, **Po0.01, *Po0.05. (C) Detail of SA1 (SA1þ /þ ), SMC1 (SA1þ /þ ) and SMC1 (SA1/) binding sites at the Keratin cluster
located on chromosome 11. Arrowhead points to a cohesin-SA1-binding site that is validated by ChIP-qPCR in Supplementary Figure S2C.
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heterozygous for a gene-trap mutation in Nipbl recapitulates
some of the pathologies observed in CdLS patients including
small size, craniofacial anomalies, heart defects, impaired
hearing, delayed bone maturation, reduced body fat and
behavioural disturbances (Kawauchi et al, 2009). Mouse
lacking either Pds5A or Pds5B also exhibit CdLS-like features
(Zhang et al, 2007, 2009). SA1-heterozygous mice do not
show apparent CdLS phenotypes, but SA1-null embryos that
survive to late stages of embryogenesis (E17.5–18.5) have
clear developmental delay, impaired lipid accumulation and
delayed ossification, features that resemble CdLS. Limb or
heart defects have not been clearly observed in the limited
number of embryos examined. In mice, reduction of Nipbl
mRNA levels to 70% is sufficient to elicit CdLS phenotypes
without causing apparent cohesion defects (Kawauchi et al,
2009). In Drosophila, reduction of Nipped-B expression to
30% of wild-type levels reduces the stable binding of cohesin
SA subunit by the same percentage (Gause et al, 2010). How
the decrease in Nipbl levels affects loading of cohesin-SA1
and cohesin-SA2 on chromatin in mammalian cells remains
to be addressed. One scenario is that it affects more acutely
the loading of cohesin-SA1 either because it is less abundant
(Losada et al, 2000; Holzmann et al, 2010; Remeseiro et al,
2012) or because being more frequently found within genes
than cohesin-SA2, cohesin-SA1 may be released from chro-
matin to allow passage of the transcriptional machinery and
thus needs to be constantly reloaded by Nipbl. Alternatively,
reduction of Nipbl levels may decrease the amount of both
cohesins on chromatin but while this barely affects cohesion,
it affects gene transcription (Schaaf et al, 2009; Heidinger-
Pauli et al, 2010). Although we cannot rule out the possibility
that cohesin-SA2 affects also gene expression, comparative
microarray analysis of human glioblastoma cells expressing
or not SA2 shows no evidence for such a role (Solomon et al,
2011), consistent with our results in MEFs after downregula-
tion of SA2 by siRNA.
In summary, we have found that cohesin-SA1 plays a
unique role in transcriptional regulation that is essential for
embryonic development and could underlie the aetiology of
CdLS. Although the analysis of SA1-null embryonic fibro-
blasts combining transcriptional profiling and genome-wide
distribution data by ChIP-seq is an important first step, we
are aware of the necessity of employing a similar strategy in
specific tissues or developmental/differentiation stages in
Figure 7 SA1 regulates the expression of protocadherins in mouse brain. (A) Detail of SA1-binding sites at Pcdh clusters located in
chromosome 18. Notice the position of SA1 at multiple TSS. (B) SA1, SA2 and SMC1 binding at the TSS of four clustered and three non-
clustered Pcdh genes was validated in vivo in wild-type (n¼ 12) and SA1-null (n¼ 9) E17.5 brains. (C) Significant downregulation of Pcdh
genes in the brains from E17.5 SA1-null embryos (three embryos per genotype and three independent qPCR reactions per condition). Values are
represented as log2 of FC versus wild-type. **Po0.01, *Po0.05, Pcdhb20 P-value¼ 0.13.
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order to understand the contribution of cohesin-SA1 to the
establishment of their transcriptomes.
Materials and methods
Identification of SA1, SA2, SMC1 and SMC3 binding sites by
ChIP-sequencing
ChIP was performed in SA1-null and wild-type MEFs with custom-
made rabbit polyclonal antibodies against SA1, SA2 (described in
Remeseiro et al, 2012), SMC1 and SMC3 (raised against the
C-terminal peptides CEMAKDFVEDDTTHG and CDLTKYPDANPNP-
NEQ, respectively), as described (Cuadrado et al, 2010) with some
modifications. Cells were cross-linked by addition of 1% formalde-
hyde for 10 min at room temperature, harvested and frozen in liquid
nitrogen. Cells were then resuspended in lysis buffer (2107 cells/ml)
and sonicated on Covaris system (shearing time 30 min, 20% duty
cycle, intensity 10, 200 cycles per burst and 30 s per cycle) in a
volume of 2 ml. From 4 to 15 ng of immunoprecipitated chromatin
(as quantitated by fluorometry) were electrophoresed on agarose
gel and independent sample-specific fractions of 100–200 bp were
taken. These samples were processed into sequencing libraries and
analysed according to Illumina’s ‘ChIP-Sequencing Sample Prep
Guide’ (part #11257047 Rev. A), with the exception that gel
extraction was replaced with Agencourt AMPure XP (Beckman
Coulter) bead purification. Adapter-ligated library was completed
by limited-cycle PCR with Illumina PE primers (14 cycles). DNA
libraries were applied to an Illumina flow cell for cluster generation
and sequenced on the Illumina Genome Analyzer IIx (GAIIx). Image
analysis was performed with Illumina Real Time Analysis software
(RTA1.8). Sequence alignment to the reference genome (NCBIm37/mm9,
April 2007) was made with Illumina’s ELANDv2 algorithm on its
‘eland_extended’ mode from within CASAVA-1.7 package, using
default settings. Only reads with a unique alignment in the
reference genome were used for the peak detection, which was
performed using MACS v1.4 setting a FDRo0.1 and a P-value cutoff
of 105 (Zhang et al, 2008). All comparisons were done using the
input tracks as control, and each one of the data sets as treatment,
using the following naming convention: SA1 (SA1þ /þ ), SA2
(SA1þ /þ ), SMC1 (SA1þ /þ ), SMC3 (SA1þ /þ ), SA1 (SA1/),
SA2 (SA1/), SMC1 (SA1/) and SMC3 (SA1/). In the case
of SA1 (SA1þ /þ ) data set, the 176 peaks obtained from SA1 ChIP
in SA1/ cells were cleared. CTCF peaks were obtained from the
UCSC Genome Browser track ‘MEL CTCF D Pk’, part of the
ENCODE/Stanford/Yale data set of TF-binding sites (TFBS) in
mouse. Genomic interval overlaps and signal distributions were
obtained using BEDTools v2.12 (Quinlan and Hall, 2010),
PeakAnalyzer v1.3 (Salmon-Divon et al, 2010) and custom UNIX
shell scripting. All the statistical tests and correlations were
calculated using R functions (http://cran.r-project.org).
ChIP-qPCR in embryonic brain
The brains from E17.5 embryos were extracted and minced in cold
PBS with protease inhibitors cocktail (Roche #11873580001). Small
tissue pieces (o1 mm) were then cross-linked for 20 min RT in
fixing solution (1% formaldehyde, 50 mM HEPES-KOH, 100 mM
NaCl, 1 mM EDTA and 0.5 mM EGTA). Cross-linking was stopped by
adding 1/20 volume of 2.5 M Glycine for 5 min at RT. After two
washes in PBS, tissues were resuspended in lysis buffer and
processed for further ChIP analysis as described in the above
section.
Validation of ChIP-seq results
ChIP-seq results were validated by ChIP-qPCR on immunoprecipi-
tated chromatin from two clones per genotype. Chromosome
coordinates of the validated peaks and the corresponding primers
are listed in Supplementary Table S8. The relative amount of each
amplified fragment was normalized with respect to the amplifica-
tion obtained from input DNA and represented as percentage of 1 mg
of input DNA.
Gene expression analysis
Total RNA from three wild-type and three SA1-null MEF clones was
analysed by two-colour hybridization on Whole Mouse Genome
DNA microarrays (G4122F; Agilent), and images were quantified
with Agilent Feature Extraction Software (v. 10.1.1). DEGs between
SA1-null and wild-type MEFs were obtained by limma (Smyth GK;
Bioconductor project; http://www.bioconductor.org). FDR adjust-
ment was employed to account for multiple testing. Raw data from
gene expression microarray experiments in Nipblþ / MEFs were
kindly provided by the authors (Kawauchi et al, 2009). In this case,
Affymetrix Murine 430A 2.0 were normalized using Robust Multi-
array Average (RMA) algorithm available in Bioconductor’s affy
package and limma package was used to obtain DEGs.
Functional analysis for GO terms
GO analyses at Biological Process, Cellular Component and
Molecular Function were performed using FatiScan tool available
at Babelomics suite (http://www.babelomics.org). To this end,
genes were ranked based on limma’s moderated t statistic and GO
enrichment was evaluated by segmentation test. GO terms showing
FDR o0.05 were considered statistically significant.
Gene set analysis of Myc targets and skin-related genes
GSEA (Subramanian et al, 2005) was employed to evaluate the
enrichment of custom gene sets in our microarrays experiments.
Myc targets were obtained from literature (Chen et al, 2008; Kim
et al, 2008, 2010; Sridharan et al, 2009; Smith et al, 2010) whereas
skin gene set was built from Nagarajan et al (2010) and references
therein. GSEA was run using gene expression values ranked by
limma moderated t statistic. After Kolmogorov–Smirnoff testing,
those gene sets showing FDR o0.1, were considered enriched
between SA1-null and wild-type MEFs.
Enrichment analysis for target genes of TFs
GSEA for Jaspar TFBS was done using Fatiscan tool available at
Babelomics platform (http://www.babelomics.org). Genes were
Figure 8 A model for the differential distribution of cohesin-SA1 and cohesin-SA2 and its implications in transcription. Left: Different
dynamics and localization of cohesin-SA1 and cohesin-SA2. Cohesin-SA1 is enriched at gene promoters to a much larger extent than
cohesin-SA2. In SA1-null cells, cohesin-SA2 fails to accumulate at gene promoters and relocates to intergenic positions. Right: Proposed
mechanisms for cohesin-SA1 in regulation of gene expression. Cohesin-SA1 present at gene promoters (upper panel) or in the proximity of
genes organized in clusters (lower panel) is required for the formation of loops that arrange the chromatin for gene transcription. The insulator
protein CTCF as well as different TFs are likely involved in cohesin-SA1 recruitment to specific genomic positions.
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ranked by limma moderated t statistic. TFBS showing FDR o0.05
were considered enriched between SA1-null and wild-type MEFs.
mRNA isolation and quantitative real-time PCR (qRT–PCR)
analysis
Total RNA was isolated from MEFs using RNeasy Kit (Qiagen) and
cDNA was synthesized with SuperScriptTM II reverse transcriptase
(Invitrogen) using random hexamer primers. An Applied Biosys-
tems 7900HT Fast qRT–PCR was used to determine mRNA levels.
GAPDH was used for normalization. Primers used for mRNA
amplification are described in Supplementary Table S9.
RNA interference, immunoprecipitation and immunoblotting
Interference of SA1 and SA2 was performed with siGENOME
SMARTpool siRNAs from Dharmacon (M-041989 and M-057033,
respectively) at a final concentration of 100 nM and using
DharmaFECT transfection reagent 1 in the case of C2C12 cells
and the Neon transfection system (Invitrogen) in the case of MEFs.
ChIP with SA1- and SA2-specific antibodies was performed 72–96 h
after transfection. Immunoprecipitation was carried out with
Nuclear Complex Co-IP Kit (Active Motif, 54001) from cell extracts
according to the manufacturer’s instructions, with SA1, SA2, SMC1
and SMC3 specific antibodies. Whole-cell extracts were prepared by
lysing and sonicating a cell pellet in SDS–PAGE loading buffer and
equal amounts of protein were run in 7.5% Bis/Tris gels followed
by western blotting.
Histology and immunohistochemistry
E17.5 embryos were fixed in 10% buffered formalin (Sigma) and
embedded in paraffin using standard procedures. In all, 3 mm
sections were stained with haematoxylin and eosin (HE) and
subjected to histopathological analysis. Anti-myc (Santa Cruz,
sc-764), anti-SA1 and anti-SA2 were used for immunohistochemical
analysis of 3 mm sections. Positive cells were visualized using
3,3-diaminobenzidine tetrahydrochloride plus (DABþ ) as a chro-
mogen, and counterstaining was performed with haematoxylin.
Statistical analysis
GraphPad Prism 5 software was used to calculate two-tailed w2 test
(with Yates’ correction) in Figure 3B, Mann–Whitney U-test in
Figure 3E and two-tailed Student’s t-test in Figures 4C, 5C, 5E, 6B
and 7C, Supplementary Figures S1C and S4. Limma package was
used for GO, GSEA and gene expression analysis to obtain DEGs.
Data access
Microarray and ChIP-sequencing data from this study have been
submitted to GEO database and have been approved with
the following Series reference: GSE32320 (GSE32234 and
GSE32319 SubSeries correspond to microarray and ChIP-seq data,
respectively).
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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In	   this	   paper	   we	   summarize	   the	   major	   finding	   of	   the	   two	   previous	   publications	   and	  
further	  explore	  the	  implication	  of	  cohesin-­‐SA1	  in	  CdLS.	  We	  had	  previously	  shown	  that	  Gene	  
Ontology	   (GO)-­‐defined	   processes	   related	   to	   abnormalities	   found	   in	   CdLS	   patients	   were	  
downregulated	  in	  SA1-­‐null	  cells,	  consistently	  with	  the	  observation	  of	  CdLS	  features	  in	  late	  
SA1-­‐null	  embryos.	  A	  highly	  significant	  overlap	  was	  also	  observed	  when	  we	  compared	  these	  
altered	  processes	  and	  those	  from	  the	  Nipbl	  heterozygous	  animals,	  a	  mouse	  model	  of	  CdLS.	  
Here	  we	  show	  that	  a	  significant	  proportion	  of	   the	  genes	  whose	  transcription	   is	  altered	   in	  
brains	  from	  the	  CdLS	  mouse	  model	  contain	  cohesin	  in	  their	  promoter.	  We	  have	  also	  found	  
high	  amounts	  of	  cohesin	  SA1	  in	  the	  promoter	  of	  Zfp608,	  a	  zing	  finger	  protein	  whose	  human	  
ortholog	  has	  been	  described	  as	  a	  biomarker	  in	  the	  clinical	  identification	  and	  classification	  of	  
CdLS	  cases.	  In	  addition,	  we	  show	  that	  genes	  whose	  expression	  is	  altered	  in	  these	  Nipbl	  or	  
SA1	  mutants	  are	  located	  in	  close	  proximity	  in	  the	  genome,	  which	  suggests	  a	  role	  for	  SA1	  in	  
the	  architectural	  organization	  of	  such	  specific	  loci.	  This	  mechanism	  ensures	  the	  coordinated	  
expression	  of	  spatially	  related	  genes	  and	  constitutes	  an	  efficient	  way	  to	  co-­‐regulate	  genes	  
involved	  in	  the	  same	  biological	  process.	  Our	  results	  point	  to	  a	  relevant	  role	  of	  cohesin-­‐SA1	  
in	  the	  regulation	  of	  genes	  involved	  in	  CdLS	  pathogenesis.	  	  
My	   participation	   in	   this	   work	   comprises	   the	   design,	   performance,	   analysis	   and	  
interpretation	   of	   all	   experiments,	   and	   comments	   and	   ideas	   for	   the	   writing	   of	   the	  
manuscript.	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Besides its well-established role in sister chromatid cohesion, cohesin 
has recently emerged as major player 
in the organization of interphase chro-
matin. Such important function is 
related to its ability to entrap two DNA 
segments also in cis, thereby facilitat-
ing long-range DNA looping which is 
crucial for transcriptional regulation, 
organization of replication factories 
and V(D)J recombination. Vertebrate 
somatic cells have two different versions 
of cohesin, containing Smc1, Smc3, 
Rad21/Scc1 and either SA1 or SA2, 
but their functional specificity has been 
largely ignored. We recently generated 
a knockout mouse model for the gene 
encoding SA1, and found that this pro-
tein is essential to complete embryonic 
development. Cohesin-SA1 mediates 
cohesion at telomeres, which is required 
for their replication. Telomere defects 
in SA1-deficient cells provoke chromo-
some segregation errors resulting in 
aneuploidy despite robust centromere 
cohesion. This aneuploidy could explain 
why heterozygous animals have an ear-
lier onset of tumorigenesis. In addition, 
the genome-wide distribution of cohesin 
changes dramatically in the absence of 
SA1, and the complex shows reduced 
accumulation at promoters and CTCF 
sites. As a consequence, gene expres-
sion is altered, leading to downregula-
tion of biological processes related to a 
developmental disorder linked to cohe-
sin function, the Cornelia de Lange 
Syndrome (CdLS). These results point 
out a prominent role of cohesin-SA1 in 
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transcriptional regulation, with clear 
implications in the etiology of CdLS.
Two Different Cohesin Complexes 
in Somatic Vertebrate Cells
Sister chromatid cohesion is critical to 
ensure accurate chromosome segregation 
during cell division and faithful DNA 
repair by homologous recombination. 
Such a biological problem is successfully 
addressed by cohesin, a ring-shaped com-
plex that entraps the DNA fiber and keeps 
the sister chromatids connected until they 
part to opposite spindle poles at the meta-
phase-to-anaphase transition.1 In addition 
to this “canonical” role, recent studies 
have placed cohesin as an important player 
in other essential biological processes, 
such as DNA replication,2 V(D)J recom-
bination3 and transcriptional regulation 
(reviewed in ref. 4). In all these instances, 
cohesin could act by entrapping two DNA 
segments, either in trans to mediate cohe-
sion, i.e., the sister chromatids, or in cis to 
stabilize chromatin loops (Fig. 1A).
Somatic vertebrate cells have two dif-
ferent versions of cohesin that contain 
three common subunits, Smc1, Smc3 
and Rad21/Scc1, and either stromal anti-
gen 1 (SA1) or SA2, the orthologs of yeast 
Scc35 (Fig. 1B). Based on the high degree 
of homology between the two SA pro-
teins and their similar behavior in terms 
of association with chromatin during the 
cell cycle, it has been largely assumed that 
SA1 and SA2 have redundant functions. 
Knockdown experiments performed in 
HeLa cells first suggested that this was 
© 2012 Landes Bioscience.
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Thus, cohesin-SA1 must perform unique 
roles during mouse development that 
cannot be fulfilled by cohesin-SA2. One 
is related to cohesion, whereas the other 
affects transcription.
Cohesin-SA1, Chromosome  
Segregation and Cancer
SA1-null MEFs have severe proliferation 
defects and are aneuploid. We found that 
cohesin-SA1 and cohesin-SA2 mediate 
telomere and centromere cohesion, respec-
tively, as proposed in human cells, whereas 
both contribute to cohesion along the arms 
(Fig. 2). Centromere cohesion is most crit-
ical for chromosome segregation, since it 
must counteract the pulling forces of micro-
tubules during prometaphase to allow 
proper chromosome alignment.14 What 
could then be the role of telomere cohe-
sion and the reason for the aneuploidy in 
SA1-null cells? Telomeres pose a challenge 
to the replication machinery, and forks 
often stall in these regions.15 Homologous 
recombination-mediated restart of stalled 
forks (or repair of DNA breaks generated 
by fork collapse) probably requires SA1-
mediated cohesion so that in cells lacking 
SA1, telomere replication is inefficient. 
Incompletely replicated telomeres could 
be the cause of the lagging chromosomes 
is characterized by mental retardation, 
reduced body size, dysmorphic face, upper 
limb defects and several additional organ 
abnormalities.12 Blood cells from CdLS 
patients lack obvious cohesion defects, but 
they display altered expression patterns, 
featured by minor changes in hundreds of 
genes.13 The relevance of these changes in 
the etiology of the disease remains unclear, 
and the mechanism(s) by which cohesin 
causes them are also unknown.
In an effort to determine the specific 
functions of cohesin-SA1 and cohe-
sin-SA2, we recently generated a knock-
out mouse model for SA1. Complete loss 
of SA1 results in embryonic lethality that 
starts around E11.5, although some late 
embryos can be obtained.8 SA1 and SA2 
are expressed in most adult mouse tissues, 
although to different extent. By means of 
a quantitative analysis, we have estimated 
that protein levels of SA2 are 3-fold higher 
than SA1 in MEFs.8 In wild-type embryos, 
both SA1 and SA2 show similar distribu-
tion by immunohistochemical staining, 
which does not change for SA2 in the 
absence of SA1.9 In some tissues exam-
ined, like embryonic brain, the expression 
of SA2 is also not affected by the lack of 
SA1. More importantly, the total amount 
of chromatin-bound cohesin is virtually 
the same in wild-type and SA1-null cells.8 
not the case by showing that cohesin-SA1 
was required for telomere cohesion, while 
centromere cohesion was performed by 
cohesin-SA2.6 The relative contribution 
of cohesin-SA1 and cohesin-SA2 to other 
cohesin functions has not been addressed. 
Importantly, a recent report described the 
identification of inactivating mutations 
in the gene encoding SA2, located in the 
X chromosome, in a significant number 
of tumors.7 Loss of SA2 provoked severe 
cohesion defects leading to aneuploidy 
in human cancer cell lines. These defects 
could be rescued after targeted correction 
of SA2, while gene expression profiles of 
the corrected cell lines was not signifi-
cantly different from their SA2-null coun-
terparts. These results suggest that the 
most important function of SA2 is related 
to cohesion. In contrast, the characteriza-
tion of SA1-knockout mice, summarized 
here, reveals an important contribution 
of SA1 not only to cohesion, but also to 
transcriptional regulation.8,9 This lat-
ter function of cohesin has become of 
special relevance for human disease with 
the discovery of heterozygous muta-
tions in Nipbl, a factor essential for load-
ing cohesin on chromatin, in half of the 
patients of Cornelia de Lange syndrome 
(CdLS).10,11 This developmental disorder 
affects 1:10,000–30,000 newborns and 
Figure 1. Cohesin composition and mechanism of action. (a) Cohesin (blue circle) can entrap DNa segments in trans to mediate sister chromatid cohe-
sion (left) and in cis to form chromatin loops (right). (B) Subunit composition of cohesin and schematic representation of Sa1 and Sa2 showing their 
sequence homology.
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brains from the CdLS mouse model con-
tain cohesin in their promoter [red (SA1) 
and green (SMC1) lines in the inner part 
of the circos diagram in Fig. 3B]. For 
some of these genes, like those encoding 
Protocadherins, we confirmed that cohe-
sin-SA1 is present at their promoters also 
in the brain, and that reduced transcrip-
tion in SA1-null embryonic brains cor-
relates with reduced presence of cohesin.9 
Intriguingly, we have found high amounts 
of cohesin-SA1 in the promoter of Zfp608 
(Fig. 3C and Table 1), a zinc finger pro-
tein whose human ortholog ZNF608 has 
been recently proposed as a biomarker in 
the clinical identification and classifica-
tion of CdLS cases.13 Little is known about 
Zfp608, but a report suggests that it could 
act as a transcription factor regulating the 
expression of recombination-activating 
genes (RAG)1 and RAG2 expression 
during T-cell development.24 Another 
transcription factor with a lot of cohesin-
SA1 in its promoter is Myc (Table 2). 
Dowregulation of Myc in the absence of 
cohesin-SA1 is responsible for alterations 
in the transcription of its targets and likely 
contributes to the reduced proliferation of 
SA1-null cells in culture and in embryos.8,9
Importantly, presence at the promoter 
is not the only way in which cohesin 
regulates gene expression. A survey of the 
chromosomal location of genes whose 
expression is altered in either SA1-null 
the ability to accumulate at promoters and 
CTCF sites.
The changes in cohesin distribution in 
SA1-null cells impact transcription, both 
positively and negatively. Gene ontol-
ogy (GO)-defined processes related to 
abnormalities found in CdLS patients are 
downregulated in SA1-null MEFs. This is 
consistent with the observation of CdLS 
features in late SA1-null embryos, such 
as growth delay, skeletal and bone abnor-
malities and reduced body size.9 A highly 
significant overlap was also obtained when 
we compared the biological processes 
altered in SA1-null MEFs and MEFs 
derived from the Nipbl heterozygous 
animals, a mouse model of CdLS.23 In 
order to explore the relationship between 
transcriptional changes and cohesin dis-
tribution, we selected 130 genes whose 
expression changes in Nipbl mutant 
brains, with a fold change (FC) < 0.75 or 
> 1.25. Among these genes, 19.2% (n = 
25) have SA1 binding sites at their pro-
moters (1 kb upstream TSS) according 
to the ChIP data in MEFs, a percent-
age much higher than the one observed 
genome-wide (6.7%, Fig. 3A). Similar 
results were obtained when we compared 
the percentage of Nipbl dysregulated 
genes containing SMC1 at their promoters 
(27.7%) with the genome-wide frequency 
(10.3%). These data suggest that a signifi-
cant proportion of the genes regulated in 
and anaphase bridges observed in SA1-null 
anaphase cells, which often end in either 
cell death or cytokinesis failure, leading to 
the formation of tetraploid cells, a known 
pathway to aneuploidy.16 Thus, the lack of 
cohesin-SA1 results in faulty chromosome 
segregation and drives aneuploidy despite 
robust centromere cohesion. SA1 hetero-
zygous MEFs show also telomere replica-
tion and chromosome segregation defects, 
although to a lesser extent. Aneuploidy 
could, therefore, explain our observation 
that SA1 heterozygous mice show an ear-
lier onset of spontaneous tumorigenesis 
when compared with their wild-type lit-
termates and, for example, develop pancre-
atic cancers that are extremely infrequent 
in mice.17 Pancreas could be more sensitive 
to telomere dysfunction and the genomic 
instability derived from it, as suggested by 
additional evidence.18,19 However, we can-
not discard a contribution of dysregulated 
transcription to the tumorigenic effect of 
SA1 haploinsufficiency.
Cohesin-SA1, Gene Regulation 
and CdLS
ChIP sequencing analysis revealed remark-
able differences in the genomic distribu-
tions of cohesin-SA1 and cohesin-SA2.9 
Cohesin-SA1 has greater propensity than 
cohesin-SA2 to localize at gene-associated 
regions and, in particular, to gene promot-
ers. More striking, in the absence of SA1, 
cohesin is driven away from promoters 
and relocates to intergenic regions. The 
peak intensity of these new sites is clearly 
lower, which likely reflects a more random 
genomic distribution of cohesin in the 
different cells of the population used for 
the analysis.20 In addition, these new posi-
tions show reduced colocalization with 
the chromatin insulator CTCF. In wild-
type cells, 71% of the almost 24,000 sites 
detected with an antibody against SMC1 
are also CTCF sites, confirming previous 
results in mouse and human cells.21,22 In 
SA1-null cells, the same antibody detects 
47,000 sites, of which 46% are shared 
with CTCF. If we focus on the cohesin 
binding sites in SA1-deficient cells distinct 
from those bound by cohesin SA1 in wild-
type cells, the overlap with CTCF drops 
to 19%. Thus, cohesin-SA2, the only 
cohesin present in SA1-null cells, lacks 
Figure 2. Division of labor between the two cohesin complexes that mediate cohesion along the 
chromosome. Left: Schematic representation of the distribution of cohesin complexes containing 
either Sa1 and Sa2 along the mouse chromosome. right: representative images of metaphase 
chromosomes from MeFs wild-type, Sa1-null and wild-type treated with Sa2 sirNa stained with 
DaPi (top) or both with DaPi (blue) and a telomeric repeat FiSH probe (red). Centromeric cohesion 
defects are apparent only in the absence of Sa2. aberrant telomere structures (also known as 
fragile telomeres) reflect defective replication and are visualized as irregularly shaped telomere 
signals (white arrowhead).
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for cell type-specific transcriptional pro-
grams. We also expect this information to 
provide mechanistic explanations for the 
transcriptional profiles found in diseases 
in which cohesin function is perturbed, 
like cancer and CdLS.
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(up to 1 kb upstream the tSS) are depicted for Sa1 (red) and SMC1 (green). (C) Sa1 and SMC1 peaks at Zfp608 gene, a proposed biomarker of CdLS. 
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10,000 random data sets of sample size equivalent to our experimental data set (as defined in B, n = 185). red line highlights the frequency of pairs of 
proximal genes observed in the experimental data set.
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Two	  different	  cohesin	  complexes:	  
	  
A	  mouse	  model	  to	  address	  their	  functions	  in	  vivo	  
	  
The	   relevance	   of	   cohesin	   for	   processes	   other	   than	   cohesion,	   such	   as	   transcriptional	  
regulation,	  replication	  or	  recombination,	  has	  been	  increasing	  rapidly	  in	  the	  last	  few	  years.	  
Somatic	  vertebrate	  cells	  have	  two	  different	  versions	  of	  cohesin	  complex	  that	  contain	  either	  
SA1	  or	  SA2.	  It	  has	  been	  largely	  considered	  that	  both	  SA	  proteins	  have	  redundant	  functions,	  
assumption	   based	   on	   their	   high	   degree	   of	   homology	   and	   similar	   behavior	   in	   terms	   of	  
association	   to	   chromatin	   during	   the	   cell	   cycle.	   In	   this	   work	   we	   have	   generated	   and	  
characterized	  a	  mouse	  model	  for	  cohesin	  component	  SA1	  and	  showed	  that	  this	  assumption	  
is	  incorrect	  since	  biallelic	  inactivation	  of	  SA1	  results	  in	  embryonic	  lethality.	  This	  study	  sheds	  
light	  on	  the	  functional	  specificity	  of	  each	  SA	  protein.	  In	  particular,	  we	  have	  addressed	  the	  
detailed	   functions	   of	   cohesin-­‐SA1	   in	   telomere	   cohesion	   and	   replication	   together	  with	   its	  
role	   in	  gene	  regulation,	  and	  explored	  their	   implications	   in	  human	  disease,	   from	  cancer	  to	  
Cornelia	  de	  Lange	  Syndrome	  (CdLS).	  	  
	  
Over	  the	  following	  sections,	  the	  relevance	  of	  the	  different	  functions	  of	  cohesin	  complex	  





Cohesin-­‐SA1	  role	  in	  chromosome	  segregation:	  	  
Implications	  for	  cancer	  
 
Complete	   ablation	   of	   SA1	   results	   in	   embryonic	   lethality,	   which	   demonstrates	   that	  
cohesin-­‐SA1	   performs	   essential	   functions	   during	   development	   that	   cannot	   be	   fulfilled	   by	  
cohesin-­‐SA2.	  	  
Whereas	   both	   SA1	   and	   SA2	   contribute	   to	   cohesion	   an	   thereby	   to	   prevent	   fragile	   site	  
formation	   along	   chromosome	   arms,	   cohesin-­‐SA2	   is	   critical	   for	   centromere	   cohesion	   and	  




Contribution	   of	   cohesin-­‐SA1	   and	   cohesin-­‐SA2	   to	   sister	   chromatid	   cohesion	   at	   different	  
chromosomal	   regions:	   telomeres,	   centromeres	   and	   arms.	   Left:	   Scheme	   of	   cohesin-­‐SA1	   and	  
cohesin-­‐SA2	   distribution	   along	   the	   mouse	   chromosome.	   Right:	   Representative	   images	   of	  
metaphase	   chromosomes	   from	   wildtype,	   SA1-­‐null	   and	   wildtype	   cells	   treated	   with	   SA2	   siRNA	  
stained	  with	  DAPI	  (top)	  or	  both	  DAPI	  (blue)	  and	  telomere	  FISH	  probe	  (red).	  Centromere	  cohesion	  
defects	  are	  apparent	  only	  in	  the	  absence	  of	  SA2.	  Fragile	  telomeres	  appear	  as	  aberrant	  telomere	  





Deficient	   telomere	   cohesion	   in	   SA1-­‐deficient	   cells	   results	   in	   defective	   telomere	  
replication,	  giving	  rise	  to	  aberrant	  telomere	  structures	  known	  as	  fragile	  telomeres	  (Sfeir	  et	  
al.	   2009).	   The	   mechanistic	   contribution	   of	   cohesin-­‐SA1	   to	   efficient	   telomere	   replication	  
involves	   the	  cohesive	   function	  of	  cohesin-­‐SA1	  since	   it	   requires	  Sororin.	  Telomeres	  pose	  a	  
challenge	  to	  the	  replication	  machinery	  (Badie	  et	  al.	  2010;	  Ye	  et	  al.	  2010).	  Forks	  often	  stall	  in	  
these	  regions	  (Gilson	  and	  Géli	  2007)	  and,	  moreover,	  stalled	  forks	  occurring	  at	  chromosome	  
ends	   cannot	  be	   rescued	  by	   forks	  progressing	   in	   the	  opposite	  direction.	   Fragile	   telomeres	  
have	  been	  also	  described	  in	  mouse	  cells	  deficient	  for	  components	  of	  the	  shelterin	  complex	  
that	  binds	   the	   telomeric	   repeats	   (Palm	  and	  de	  Lange	  2008;	  Martínez	  et	  al.	  2009).	  Such	   is	  
the	  case	  of	  TRF1	  protein	  that	  is	  also	  required	  for	  efficient	  telomere	  replication	  (Sfeir	  et	  al.	  
2009).	   However,	   telomere	   fragility	   in	   SA1-­‐null	   cells	   does	   not	   result	   from	   impaired	  
recruitment	  of	   shelterin	   to	   telomeres,	  as	   shown	  by	  chromatin	   fractionation	  and	  ChIP-­‐dot	  
blot	  assays.	  On	  other	  hand,	   in	  budding	  yeast	  cohesin	   is	  critical	   for	   the	  recovery	  of	  stalled	  
forks	   and	   its	   loading	   at	   the	   replication	   sites	   depends	   on	   Rad50,	   a	   protein	   relevant	   for	  
bridging	   sister	   chromatids	   (Tittel-­‐Elmer	   et	   al.	   2012).	   Thus,	   we	   propose	   that	   cohesin-­‐SA1	  
ensures	  efficient	   telomere	  replication	  by	  stabilizing	  arrested	  forks	  and	  thereby	   facilitating	  
their	   restart	   and/or	   by	   promoting	   HR-­‐mediated	   repair	   of	   breaks	   generated	   upon	   fork	  
collapse.	  
	  
Despite	   their	   robust	   centromere	   cohesion,	   SA1-­‐null	   cells	   present	   chromosome	  
segregation	  defects,	  mainly	  lagging	  chromosomes	  and	  anaphase	  bridges,	  which	  most	  likely	  
arise	   from	   defective	   telomere	   replication.	   Aberrant	   telomere	   structures	   resulting	   from	  
incomplete	   replication	   in	   the	   short	   arm,	   next	   to	   the	   centromere,	   might	   prevent	   the	  
separation	   of	   sister	   centromeres,	   given	   rise	   to	   the	   observed	   lagging	   chromosomes	  
composed	  of	  two	  sister	  chromatids	  (Figure	  9,	  top	  image).	  When	  the	  unresolved	  replication	  
intermediate	   happens	   in	   the	   long	   arm,	   it	   might	   generate instead	   a	   chromatin	   bridge	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containing	   telomeric	   DNA	   (Figure	   9,	   bottom	   image).	   The	   presence	   of	   these	   structures	  
prevents	  proper	   cytokinesis	   and	   results	   in	  either	  mitotic	   catastrophe	  or	   tetraploidization,	  
the	  latter	  being	  a	  reported	  initiator	  of	  aneuploidy	  (Ganem	  et	  al.	  2007;	  Maser	  and	  DePinho	  




On	   other	   hand,	   micronuclei	   haven	   been	   largely	   considered	   to	   arise	   from	   lagging	  
chromosomes.	  A	  mechanism	  by	  which	  errors	  in	  mitotic	  chromosome	  segregation	  generates	  
micronuclei	  and	   subsequent	   chromosome	  pulverization	  has	  been	  proposed	  and	  might	  be	  
The	   role	   of	   cohesin-­‐SA1	   in	   telomere	   cohesion	   and	   replication	   is	   essential	   for	   accurate	  
chromosome	   segregation	   and	   to	   prevent	   tetraploidization,	   a	   driver	   of	   aneuploidy	   and	  
tumourigenesis.	  Notice	   the	  presence	  of	   telomeric	   (TRF1)	  and	  not	   centromeric	   (ACA)	  proteins	   at	  
the	   anaphase	   bridges	   and	   lagging	   chromosomes	   composed	   of	   two	   sister	   chromatids	   in	   SA1-­‐





one	   explanation	   for	   chromothripsis	   (Crasta	   et	   al.	   2012).	   This	   phenomenon,	   defined	   by	  
small-­‐scale	  DNA	   copy	   number	   changes	   and	   intrachromosomal	   rearrangements,	   has	   been	  
recently	   described	   in	   human	   cancer	   (Stephens	   et	   al.	   2011;	   Liu	   et	   al.	   2011).	   Two	   non-­‐
exclusive	  models	   have	  been	  proposed	   for	   chromothripsis:	   1)	   chromosome	   fragmentation	  
followed	  by	   stitching	   together	  of	   fragments,	   and	  2)	   aberrant	  DNA	   replication	   resulting	   in	  
fork	  stalling	  and	  template	  switching.	  Our	  data	  might	  be	  also	  consistent	  with	  the	  fact	   that	  
those	   complex	   genomic	   rearrangements	   are	   connected	   to	   chromosome	   catastrophes	  
involving	  replication	  mechanisms,	  although	  this	  remains	  unexplored.	  	  
	  
The	   aneuploidy	   observed	   in	   SA1-­‐deficient	   cells	   and	   tissues	   likely	   contributes	   to	  
tumourigenesis.	   In	   fact,	  SA1	  heterozygous	  mice	  develop	  spontaneous	   tumors	  earlier	   than	  
their	   wildtype	   littermates	   and	   with	   a	   broader	   tumor	   spectrum.	   It	   is	   remarkable	   the	  
presence	  of	  pancreatic	  cancers	  that	  are	  extremely	  infrequent	  in	  mice	  (Gordon	  et	  al.	  2012).	  
We	  are	  currently	  exploring	  what	  is	  the	  functional	  contribution	  of	  cohesin-­‐SA1	  to	  pancreatic	  
tumourigenesis.	   Pancreas	   might	   be	   more	   sensitive	   to	   telomere	   dysfunction	   and	   the	  
genomic	  instability	  derived	  from	  it	  than	  some	  other	  organs	  (Campbell	  et	  al.	  2010).	  In	  order	  
to	   address	   this	   issue,	   we	   are	   employing	   telomapping	   approaches,	   based	   on	   the	  
measurement	   of	   telomere	   length	   (Flores	   et	   al.	   2008),	   in	   tissue	   samples	   from	   pancreas	  
tumors	  derived	  from	  SA1-­‐deficient	  mice	  and	  also	  in	  healthy	  young	  animals.	  Our	  preliminary	  
data	   suggest	   that	   the	   pancreas	   from	   SA1-­‐heterozygous	   mice	   tend	   to	   have	   shorter	  
telomeres	  than	  their	  wildtype	  littermates,	  which	  might	  point	  to	  a	  higher	  sensitivity	  to	  suffer	  
pancreas	   cancer.	   However,	   we	   cannot	   rule	   out	   a	   possible	   contribution	   of	   cohesin-­‐SA1	  
function	   in	   regulation	   of	   gene	   expression.	   In	   fact,	   young	   SA1-­‐heterozygous	  mice	   present	  
altered	   transcription	  of	  genes	   involved	   in	  pancreatitis	  prior	   to	   the	  appearance	  of	   tumors,	  














Relevance	   of	   the	   different	   cohesin	   functions	   in	   human	   disease.	   (Left)	   Cohesion	   and	   human	  
disease.	  Inactivating	  mutations	  in	  SA2,	  responsible	  for	  centromere	  cohesion,	  cause	  aneuploidy	  in	  
human	  cancer	  due	  to	  precocious	  dissociation	  of	  sisters.	  SA1-­‐deficiency	  also	  generates	  aneuploidy	  
leading	   to	   tumourigenesis	   in	   mice,	   but	   through	   a	   different	   mechanism	   involving	   impaired	  
telomere	   cohesion	   and	   replication.	   Mutations	   in	   Esco2,	   linked	   to	   Roberts	   Syndrome,	   cause	  
segregation	   and	   proliferative	   defects	   due	   to	   precocious	   dissociation	   of	   sisters.	   (Right)	  
Transcription	   and	   human	   disease.	   Cornelia	   de	   Lange	   Syndrome	   is	   featured	   by	   altered	  
transcriptional	   profiles	   in	   the	   absence	  of	   overt	   cohesion	  defects.	   This	   cohesinopathy	  has	   been	  
linked	   to	   mutations	   in	   the	   cohesin	   loader	   Nipbl	   and,	   in	   few	   cases,	   to	   mutations	   in	   cohesin	  
subunits.	   Impaired	   cohesin-­‐SA1	   role	   in	   gene	   regulation	   has	   been	   proposed	   to	   underlie	   the	  
molecular	  etiology	  of	  CdLS.	  Pds5A/B-­‐mutant	  mice	  present	  phenotypes	  reminiscent	  of	  CdLS,	  but	  
their	   possible	   implication	   in	   transcription	   is	   unknown.	   The	   contribution	   of	   cohesin	   function	   in	  





To	   date,	   little	   was	   known	   of	   the	   involvement	   of	   cohesin	   mutations	   in	   human	   cancer	  
(Figure	   10).	   A	   recent	   report	   described	   the	   identification	   of	   inactivating	  mutations	   in	   the	  
gene	   encoding	   SA2,	   located	   in	   the	   X	   chromosome,	   in	   a	   significant	   number	   of	   tumors	  
(Solomon	   et	   al.	   2011).	   In	   those	   cases,	   loss	   of	   SA2	   led	   to	   aneuploidy	   due	   to	   precocious	  
separation	   of	   sister	   chromatids	   in	   metaphase.	   Centromere	   cohesion	   is	   most	   critical	   for	  
chromosome	  segregation	  since	  it	  must	  counteract	  the	  pulling	  forces	  of	  microtubules	  during	  
prometaphase	  to	  allow	  proper	  chromosome	  alignment	  (Vagnarelli	  et	  al.	  2004;	  McGuinness	  
et	   al.	   2005).	   On	   other	   hand,	   cohesin	  mutations	   in	   Smc1,	   Smc3,	   Rad21	   and	   SA2	   subunits	  
have	  been	  found	   in	  acute	  myeloid	   leukemia,	  a	   type	  of	  cancer	  not	  characterized	  for	  being	  
very	   aneuploidy	   (Welch	   et	   al.	   2012).	   It	   is	   unclear	   how	   cohesin	   might	   contribute	   to	  
transcription	   in	  this	  case.	  At	   least	  SA2	   is	  not	   likely	   to	  be	  a	  major	  regulator	  of	  global	  gene	  
expression	  in	  human	  cancer,	  since	  comparison	  of	  transcriptional	  profiles	  of	  cell	  lines	  lacking	  
or	  expressing	  SA2	  does	  not	  show	  significant	  differences	  (Solomon	  et	  al.	  2011).	  Although	  we	  
cannot	   discard	   a	   contribution	   of	   dysregulated	   transcription	   to	   cancer	   upon	   SA1	  
haploinsufficiency,	   it	   is	   clear	   that	   SA1	   deficiency	   generates	   chromosome	   segregation	  
defects	  and	  aneuploidy,	  but	  through	  a	  completely	  different	  mechanism	  involving	  impaired	  
telomere	  replication	  in	  the	  absence	  of	  telomere	  cohesion,	  which	  is	  mediated	  exclusively	  by	  
cohesin-­‐SA1.	  	  
 
Cohesin-­‐SA1	  role	  in	  gene	  regulation:	  	  
Implications	  in	  CdLS	  
 
Mouse	   embryos	   lacking	   SA1	   show	   developmental	   delay	   and	   die	   before	   birth.	   Their	  
viability	  strongly	  decreases	  by	  E12.5,	  but	  some	  exceptionally	  survive	  to	  E18.5	  and	  present	  
some	  features	  characteristic	  of	  CdLS.	  Genome-­‐wide	  analysis	  of	  cohesin	  distribution	  by	  ChIP-­‐
sequencing	   approaches	   reveals	   remarkable	   differences	   in	   the	   localization	   of	   cohesin-­‐SA1	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and	   cohesin-­‐SA2.	   Whereas	   cohesin-­‐SA1	   has	   a	   greater	   propensity	   for	   localizing	   at	   gene	  
promoters	   and	   gene-­‐associated	   regions,	   cohesin-­‐SA2	   prefers	   intergenic	   regions.	   More	  
importantly,	   in	   the	  absence	  of	  SA1,	  cohesin-­‐SA2	  redistributes	   to	   intergenic	   regions	  and	   is	  






The	   number	   of	   binding	   sites	   for	   Smc1	   in	   wildtype	   and	   SA1-­‐null	   MEFs	   doubles	   in	   the	  
absence	  of	  SA1.	  The	  new	  sites	  to	  which	  cohesin	  is	  relocated	  are	  characterized	  by	  reduced	  
colocalization	  with	  CTCF	  and	   low	  cohesin	  occupancy,	  which	   likely	  reflects	  a	  more	  random	  
genomic	   distribution	   of	   cohesin.	   Therefore,	   cohesin-­‐SA2	   is	   incapable	   of	   accumulating	   at	  
promoters	   and	  CTCF	   sites	  when	   SA1	   is	   not	   present.	   As	   a	   consequence	  of	   these	   changes,	  
transcription	  is	  altered	  in	  the	  absence	  of	  SA1. 
Different	   dynamics	   and	   localization	   of	   cohesin-­‐SA1	   and	   cohesion-­‐SA2.	   SA1	   is	   responsible	   for	  
cohesin	   accumulation	   at	   promoters	   and	   CTCF	   sites,	   which	   clearly	   points	   to	   its	   role	   in	   gene	  
expression	   regulation.	   In	   the	  absence	  of	  SA1,	   cohesin-­‐SA2	   in	   incapable	  of	   replacing	   SA1	  at	   those	  
sites	  and,	  thereby,	  cohesin	  is	  driven	  away	  form	  promoters	  and	  CTCF	  sites.	  As	  a	  consequence,	  SA1-­‐





The	  mechanisms	  underlying	  the	  role	  of	  cohesin-­‐SA1	  in	  regulation	  of	  gene	  expression	  are	  
likely	   related	   to	   the	   ability	   of	   the	   complex	   to	   bring	   together	   DNA	   sequences	   in	   cis	  
facilitating	  DNA	  looping	  (Hadjur	  et	  al.	  2009;	  Mishiro	  et	  al.	  2009;	  Nativio	  et	  al.	  2009;	  Kagey	  
et	  al.	  2010;	  Hou	  et	  al.	  2010;	  Chien	  et	  al.	  2011).	  Chromatin	  looping	  causally	  underlies	  gene	  
regulation	   (Deng	   et	   al.	   2012),	   therefore	   loops	   may	   determine	   gene	   expression	   by	  
promoting	   or	   preventing	   the	   interaction	   between	   promoters	   and	   enhancers	   in	   different	  
modes.	   Some	   configurations	   would	   require	   cohesin	   presence	   at	   promoters,	   while	   some	  












Proposed	  mechanisms	  for	  cohesin-­‐SA1	  in	  gene	  expression	  regulation.	  Cohesin-­‐SA1	  presence	  at	  
promoters	   (top)	   or	   in	   the	   vicinity	   of	   genes	   organized	   in	   clusters	   (bottom)	   is	   required	   for	   the	  
formation	  of	   loops	   that	  arrange	  the	  chromatin	  for	  gene	  transcription.	  CTCF	  as	  well	  as	  different	  





The	  changes	  in	  cohesin	  distribution	  in	  SA1-­‐null	  cells	  impact	  transcription,	  indicating	  that	  
cohesin-­‐SA2	   cannot	   fulfill	   the	   function	   of	   cohesin-­‐SA1	   in	   terms	   of	   gene	   expression	  
regulation.	  We	  hypothesize	  that	  SA1	  and	  SA2	  must	  confer	  distinct	  properties	  to	  the	  cohesin	  
complex,	  most	   likely	  making	   cohesin-­‐SA1	  more	   prone	   to	   occupy	   fixed	   genomic	   positions	  
and	   cohesin-­‐SA2	   more	   prone	   to	   slide	   along	   DNA.	   Importantly,	   these	   different	   features	  
would	   have	   a	   differential	   impact	   on	   cohesin	   functions:	   cohesion,	   the	   most	   important	  
function	   of	   cohesin-­‐SA2,	   does	   not	   require	   cohesin	   localization	   at	   precise	   sites,	   whereas	  
regulation	   of	   transcription	   does.	   It	   remains	   to	   be	   elucidated	   the	   molecular	   mechanism	  
underlying	  these	  potential	  differences	  in	  mobility	  between	  cohesin-­‐SA1	  and	  cohesin-­‐SA2.	  It	  
could	  be	   related	   to	  either	  a	  differential	   interaction	  between	  SA	  proteins	  and	   the	  cohesin	  
regulatory	  factors	  Pds5	  and	  Wapl	  or	  to	  specific	  interactions	  with	  proteins	  located	  at	  defined	  
sites.	  We	   and	  others	   have	  observed	   that	   cohesin-­‐SA1	   and	   cohesin-­‐SA2	   can	  both	   interact	  
with	  CTCF,	  as	  judged	  by	  immunoprecipitation	  assays	  (Xiao	  et	  al.	  2011).	  Future	  analysis	  using	  
quantitative	  proteomics	  may	  help	  us	  elucidate	  specific	  protein-­‐protein	  interactions	  for	  SA1	  
and	  SA2.	  
	  
The	   increasing	   interest	   in	   cohesin	   regulating	   gene	   expression	   arises	   from	   the	  
identification	   of	   mutations	   in	   the	   cohesin	   loader	   Nipbl	   and	   cohesin	   subunits	   as	   a	  major	  
cause	  of	  CdLS	  (Figure	  10).	  Cells	  derived	  from	  those	  patients	  do	  not	  show	  cohesion	  defects	  
(Liu	   and	   Krantz	   2009;	   Dorsett	   2011),	   but	   present	   altered	   transcriptional	   profiles.	   These	  
features	   together	   with	   some	   other	   pathologies	   observed	   in	   CdLS	   patients,	   such	   as	  
craniofacial	  anomalies,	  heart	  defects	  or	  delayed	  ossification,	  are	  recapitulated	  in	  a	  mouse	  
model	   heterozygous	   for	   a	   gene-­‐trap	  mutation	   in	  Nipbl	   gene	   (Kawauchi	   et	   al.	   2009).	   SA1	  
heterozygous	  mice	  do	  not	  show	  apparent	  CdLS	  phenotypes,	  but	  SA1-­‐null	  embryos	  surviving	  
up	  to	  late	  embryogenesis	  stages	  do	  present	  features	  that	  resemble	  CdLS	  pathologies.	  More	  




patients	  are	  downregulated	   in	  SA1-­‐null	  cells,	  and	  this	   transcriptional	  changes	  significantly	  
overlap	   with	   the	   altered	   profiles	   of	   Nipbl	   heterozygous	   MEFs.	   In	   addition,	   a	   significant	  
proportion	   of	   the	   genes	   dysregulated	   in	   brains	   from	   the	   CdLS	   mouse	   model	   contain	  
cohesin-­‐SA1	   in	   their	   promoter	   (e.g.	   myc,	   protocadherins)	   which	   points	   to	   a	   clear	  
relationship	   between	   transcriptional	   changes	   and	   altered	   cohesin-­‐SA1	   function	   in	   this	  
human	   syndrome.	   Protocadherins	   (Pcdhs)	   are	   cell	   adhesion	  molecules	   involved	   in	   tissue	  
morphogenesis	  and	  establishment	  /	  maintenance	  of	  selective	  neuronal	  connections	  during	  
development	   and	   adulthood	   (Monahan	   et	   al.	   2012).	   Most	   genes	   encoding	   Pcdhs	   are	  
located	   in	   three	   consecutive	   clusters	   (a,	  b,	  g),	   being	   a	   and	   g	   regulated	   in	   a	   complex	  way	  
involving	  alternative	  promoter	  choice	  followed	  by	  alternative	  cis	  splicing.	  Pcdhs	  genes	  have	  
been	  found	  downregulated	  in	  the	  brains	  of	  Nipbl-­‐heterozygous	  mice,	  leading	  the	  authors	  to	  
propose	  that	  reduced	  levels	  of	  protocadherins	  in	  the	  brain	  might	  contribute	  to	  the	  mental	  
retardation	   observed	   in	   CdLS	   patients	   (Kawauchi	   et	   al.	   2009).	   We	   have	   shown	   that	  
regulation	  of	  Pcdh	  gene	  expression	   in	   the	  brain	   relies	  on	   the	  presence	  of	   cohesin-­‐SA1	  at	  
their	  promoters.	  
However,	  the	  presence	  at	  promoters	  is	  not	  the	  only	  way	  in	  which	  cohesin	  regulates	  gene	  
expression.	   We	   found	   that	   cohesin-­‐SA1	   determines	   cohesin	   distribution	   within	   gene	  
clusters	   and	   that	   genes	   whose	   expression	   is	   altered	   in	   SA1-­‐null	   cells	   and	   Nipbl	   mutant	  
brains	  are	  located	  nearby	  in	  the	  genome.	  This	  points	  to	  a	  role	  for	  SA1	  in	  the	  architectural	  
organization	   of	   such	   loci,	   which	   provides	   a	   mechanism	   for	   controlling	   and	   ensuring	  
coordinated	  expression	  of	  spatially	  related	  genes	  and	  co-­‐regulation	  of	  genes	  involved	  in	  the	  
same	  biological	  processes.	  
We	   thus	   propose	   that	   cohesin-­‐SA1	   plays	   an	   important	   role	   in	   the	   regulation	   of	   genes	  
involved	   in	   the	   etiology	   of	   CdLS.	   Partial	   deficiency	   in	   Nipbl	   might	   affect	   differently	   the	  
binding	  of	  cohesin-­‐SA1	  and	  cohesin-­‐SA2;	  either	  because	  SA1	  is	  less	  abundant	  (Losada	  et	  al.	  
2000;	  Holzmann	  et	  al.	  2011)	  or	  because	  it	  is	  more	  often	  associated	  to	  genes	  and	  it	  needs	  to	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be	   constantly	   reloaded	   by	   Nipbl	   to	   allow	   passage	   of	   the	   transcriptional	   machinery.	   We	  
hypothesize	   that	   reduction	   of	   Nipbl	   levels	   may	   decrease	   the	   loading	   of	   both	   cohesin	  
complexes,	  but	  while	  this	  barely	  affects	  cohesion,	  it	  does	  affect	  transcriptional	  regulation	  of	  
genes	  that	  are	  critical	  during	  development.	  	  
All	   this,	   together	   with	   additional	   studies,	   points	   to	   the	   relevance	   of	   the	   dynamic	  
behavior	  of	   the	   complex	   in	  order	   to	   achieve	  a	   threshold	  of	   cohesin	   at	   sites	   in	  which	   the	  
presence	  of	   the	   complex	   is	   critical	   for	   regulated	  gene	  expression.	   This	  has	  become	  more	  
evident	  after	  identification	  of	  HDAC8	  mutations	  in	  a	  subset	  of	  CdLS	  patients	  (Deardorff	  et	  
al.	   2012a).	   This	   cohesin	   dynamic	   behavior	   must	   be	   modulated	   by	   its	   loader,	   by	   its	  
interaction	  with	  Pds5/Wapl,	  its	  acetylation	  state	  (and	  thereby	  Esco1/2	  and	  HDAC8)	  and	  by	  
its	  association	  with	  factors	  like	  CTCF	  (through	  SA/Scc3)	  (Figure	  10),	  although	  the	  underlying	  
mechanistic	  features	  remain	  to	  be	  elucidated.	  	  
	   	  
Perspectives	  
	   	  
Currently,	  cohesin	  research	  is	  a	  very	  active	  field	  and	  the	  interest	  in	  different	  aspects	  of	  
its	  biology	  has	  been	  increasing	  more	  and	  more	  over	  the	  last	  few	  years.	   In	  fact,	  despite	  of	  
being	  discovered	  fifteen	  years	  ago	  for	  its	  role	  in	  sister	  chromatid	  cohesion,	  many	  features	  
of	   its	  mechanism	  of	   action,	   its	   regulation	   and	   the	   particular	   functions	   of	   variant	   cohesin	  
subunits	  and	  its	  associated	  factors	  remain	  to	  be	  clarified.	  	  
The	   work	   presented	   in	   this	   thesis	   indicates	   that	   cohesin-­‐SA1	   plays	   a	   relevant	   role	   in	  
telomere	  cohesion	  and	  replication	  with	  clear	  implications	  in	  cancer,	  but	  it	  is	  also	  essential	  
for	   the	   accurate	   regulation	   of	   genes	   involved	   in	   CdLS	   pathogenesis.	   However,	   many	  
underlying	   aspects	   have	   not	   been	   dissected	   yet.	   Therefore,	   we	   should	   not	   discard	   a	  




haploinsufficiency	   and	   the	   involvement	   of	   some	   cohesin	   functions	   other	   than	   gene	  
regulation	  in	  CdLS.	  	  
On	   one	   hand,	   it	   is	   not	   clear	   if	   Nipbl	   loads	   cohesin-­‐SA1	   and	   cohesin-­‐SA2	   in	   a	   slightly	  
different	  manner	   or	   if	   partial	   deficiency	   in	  Nipbl	   affects	   differently	   the	   cohesive	   and	   the	  
transcriptional	  functions	  of	  the	  complex	  (Figure	  10).	  In	  fact,	  we	  are	  currently	  pursuing	  this	  
line	  of	   research	  and	  our	  preliminary	  data	  suggest	   that	   reduced	  Nipbl	   levels	  has	  no	  major	  
impact	   on	   the	   bulk	   loading	   of	   the	   two	   cohesin	   complexes,	   on	   DNA	   repair	   and	   on	  
chromosome	  segregation.	  However,	  limiting	  amounts	  of	  Nipbl	  affect	  the	  loading	  of	  cohesin	  
at	   certain	   gene	   promoters,	   which	   in	   turn	   impacts	   its	   transcription.	   Thus,	   reduced	   Nipbl	  
levels	  restrict	  cohesin	  loading	  just	  locally,	  and	  while	  cohesion	  is	  unaffected,	  transcriptional	  
regulation	  of	  critical	  genes	  during	  development	  is	  altered.	  	  
On	   other	   hand,	   recent	   reports	   evidence	   the	   relevance	   of	   chromatin	   structure	   in	  
determining	   gene	   expression	   (Deng	   et	   al.	   2012).	   The	   development	   of	   Chromosome	  
Conformation	   Capture	   (3C)	   technology	   and	   the	   subsequent	   variants	   (Dekker	   et	   al.	   2002;	  
Splinter	  et	  al.	  2012),	   together	  with	  Next	  Generation	  Sequencing,	  have	  contributed	   to	   the	  
analysis	   of	   chromatin	   organization	   from	   a	   genome-­‐wide	   three-­‐dimensional	   perspective.	  
The	  spatial	  organization	  of	  transcription	  domains,	  in	  which	  genes	  are	  arranged	  for	  efficient	  
and	  coordinated	   transcription,	   can	  be	   studied	  by	   these	  kind	  of	   genome-­‐wide	  approaches	  
(Dixon	  et	  al.	  2012;	  Shen	  et	  al.	  2012).	  	  
	  
We	   are	   currently	   employing	   similar	   strategies	   in	   specific	   tissues	   and	   at	   different	  
developmental	   stages	   in	  order	   to	  dissect	   the	  contribution	  of	  SA1	   to	   the	  establishment	  of	  
their	   transcriptomes.	   We	   have	   observed	   that	   cohesin	   shows	   specific	   distributions	   in	  
different	  tissues	  and	  at	  different	  stages.	  In	  particular,	  cohesin	  is	  tissue-­‐specifically	  enriched	  
at	  the	  promoters	  of	  the	  genes	  being	  expressed	  in	  each	  tissue.	  We	  are	  also	  correlating	  active	  
and	   repressive	   histone	  marks	   with	   cohesin	   distribution	   in	   each	   tissue	   or	   developmental	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stage,	  and	  employing	  Hidden	  Markov	  Models	  to	  describe	  cohesin-­‐defined	  chromatin	  states.	  
We	   anticipate	   that	   integrating	   data	   from	   the	   genome-­‐wide	   distribution	   of	   cohesin	   in	  
different	  tissues	  and	  developmental	  stages,	  together	  with	  their	  transcriptional	  profiles	  and	  
information	  of	  the	  spatial	  organization	  of	  chromatin,	  will	  be	  key	  to	  understand	  how	  cohesin	  
defines	  chromatin	  states	  and	  how	  tissue-­‐specific	  transcriptional	  programs	  are	  established.	  
More	   importantly,	   this	   information	   will	   also	   help	   to	   better	   understand	   the	   mechanisms	  
underlying	   human	   diseases,	   in	   which	   cohesin	   functions	   are	   altered,	   such	   as	   cancer	   and	  
CdLS.	  	  
	  	   	  
	  
“I	  think	  and	  think	  for	  months	  and	  years.	  	  
Ninety-­‐nine	  times,	  the	  conclusion	  is	  false.	  	  
	  	  	  	  The	  hundredth	  time	  I	  am	  right”.	  












	  	   	  
	  




1.	   Ablation	   of	   SA1	   results	   in	   late	   embryonic	   lethality	   in	  mouse;	   thus,	   some	   functions	   of	  
cohesin-­‐SA1	   that	   cannot	   be	   assumed	   by	   cohesin-­‐SA2	   are	   essential	   to	   fulfill	   embryonic	  
development.	  
	  
2.	  Cohesion	  at	   telomeres	   is	  mediated	  specifically	  by	  cohesin-­‐SA1	  and	  contributes	   to	   their	  
efficient	   replication.	   Cohesin-­‐SA2	   is	   responsible	   for	   centromere	   cohesion,	   whereas	   both	  
perform	  this	  function	  at	  chromosome	  arms.	  	  
	  
3.	  Defective	  telomere	  replication	  causes	  chromosome	  segregation	  defects	  in	  SA1-­‐deficient	  
cells,	  despite	  their	  robust	  centromere	  cohesion,	  and	  leads	  to	  aneuploidy.	  This	  mechanism	  
of	  generating	  aneuploidy	  in	  the	  absence	  of	  cohesin-­‐SA1	  is	  different	  from	  the	  classical	  one	  
involving	  precocious	  sister	  chromatid	  separation.	  	  
	  
4.	  SA1	  heterozygous	  animals	  have	  increased	  risk	  of	  cancer,	  but	  are	  protected	  against	  acute	  
tumourigenesis	  induced	  by	  chemical	  carcinogens.	  
	  
5.	   SA1-­‐null	   embryos	   that	   reach	   late	   embryonic	   stages	   present	   a	   clear	   growth	   delay	   and	  
some	  features	  reminiscent	  of	  CdLS.	  
	  
6.	  Genome-­‐wide	  cohesin	  distribution,	  and	  in	  particular	   its	  accumulation	  at	  promoters	  and	  
CTCF	   sites,	   depends	   largely	   on	   the	   presence	   of	   SA1	   which	   points	   to	   a	   unique	   role	   of	  
cohesin-­‐SA1	  in	  transcriptional	  regulation.	  	  
	  
7.	   SA1-­‐null	   cells	   present	   transcriptional	   changes	   related	   to	   biological	   functions	   altered	   in	  
CdLS.	   Impaired	   cohesin-­‐SA1	   function	   in	   gene	   expression	   may	   underlie	   the	   molecular	  
etiology	  of	  this	  human	  syndrome.	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8.	   Cohesin-­‐SA1	   regulates	   gene	   expression	   by	   different	   mechanisms,	   one	   involves	   its	  
presence	   at	   gene	   promoters	   (e.g.	  myc,	   protocadherins)	   and	   the	   other	   entails	   the	   spatial	  
organization	  of	  gene	  clusters.	  Lack	  of	  SA1	  affects	  the	  binding	  of	  cohesin	  at	  promoters	  and	  
along	  gene	  clusters	  and,	   thereby,	   leads	   to	  altered	   transcription	   since	   cohesin-­‐SA2	  cannot	  
assume	  those	  functions.	  




	  	  	  	  	  
















1.	  La	  eliminación	  de	  SA1	  provoca	  letalidad	  embrionaria.	  La	  cohesina-­‐SA2	  no	  puede	  asumir	  
ciertas	  funciones	  de	  la	  cohesina-­‐SA1	  que	  son	  esenciales	  para	  el	  desarrollo	  embrionario.	  
	  
2.	   La	   cohesión	   de	   los	   telómeros	   está	   mediada	   específicamente	   por	   cohesina-­‐SA1	   y	   es	  
necesaria	  para	  que	  la	  replicación	  ocurra	  de	  forma	  eficiente.	  La	  cohesina-­‐SA2	  es	  responsable	  
de	   la	  cohesión	  centromérica,	  mientras	  que	  ambos	  complejos	  cooperan	  para	   llevar	  a	  cabo	  
esta	  función	  a	  lo	  largo	  de	  los	  brazos	  cromosómicos.	  	  
	  
3.	   Una	   replicación	   ineficiente	   de	   los	   telómeros	   en	   las	   células	   deficientes	   en	   SA1	   causa	  
defectos	   de	   segregación	   cromosómica,	   a	   pesar	   de	   que	   presentan	   una	   cohesión	  
centromérica	   robusta,	   y	   provoca	   aneuploidías.	   Este	   mecanismo	   de	   generación	   de	  
aneuploidía	  en	  ausencia	  de	  cohesina-­‐SA1	  es	  diferente	  del	  mecanismo	  clásico	  caracterizado	  
por	  una	  separación	  precoz	  de	  las	  cromátidas	  hermanas.	  	  
	  
4.	   Los	   ratones	   heterocigotos	   para	   el	   gen	   SA1	   presentan	   mayor	   incidencia	   de	   tumores	  
espontáneos,	   pero	   están	   protegidos	   ante	   la	   inducción	   aguda	   de	   tumores	   mediante	  
tratamiento	  con	  carcinógenos	  químicos.	  	  
	  
5.	   Los	   embriones	   deficientes	   en	   SA1	   que	   alcanzan	   estadios	   tardíos	   del	   desarrollo	  
embrionario	  presentan	  un	  claro	  retraso	  en	  el	  crecimiento	  y	  algunas	  características	  propias	  
del	  síndrome	  de	  Cornelia	  de	  Lange.	  	  
	  
6.	  La	  distribución	  genómica	  de	  cohesina,	  y	  en	  particular	  su	  acumulación	  en	  promotores	  y	  
sitios	  CTCF,	  depende	  en	  gran	  medida	  de	  la	  presencia	  de	  SA1,	   lo	  cual	  apunta	  claramente	  a	  




7.	   Las	   células	   deficientes	   en	   SA1	   presentan	   cambios	   transcripcionales	   relacionados	   con	  
procesos	  biológicos	  que	  están	  alterados	  en	  los	  pacientes	  CdLS.	  El	  papel	  de	  la	  cohesina-­‐SA1	  
en	  regulación	  de	  la	  expresión	  génica	  guarda	  relación	  directa	  con	  la	  etiología	  de	  CdLS.	  	  	  
	  
8.	  La	  cohesina-­‐SA1	  regula	  la	  expresión	  génica	  mediante	  distintos	  mecanismos,	  uno	  implica	  
su	   presencia	   en	   promotores	   génicos	   (ej.	   myc,	   protocaderinas)	   y	   otro	   consiste	   en	   la	  
organización	   espacial	   de	   clústeres	   génicos.	   La	   ausencia	   de	   SA1	   afecta	   a	   la	   unión	   	   de	  
cohesina	  en	  promotores	  y	  a	  lo	  largo	  de	  clústeres	  y,	  por	  tanto,	  conlleva	  una	  alteración	  de	  la	  
transcripción	  dado	  que	  cohesina-­‐SA2	  no	  puede	  asumir	  esas	  funciones.	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